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Nomenclature 
 
a-C  amorphous carbon 
a-C:H  amorphous hydrogenated carbon  
Al2O3  aluminum oxide, alumina  
AFM  atomic force microscopy  
c-BN   cubic boron nitride 
CVD  chemical vapor deposition 
CCVD  catalysed chemical vapor deposition 
DLC  diamond-like carbon  
EELS   electron energy loss spectroscopy  
EDS  energy dispersive spectroscopy 
GSMBE  gas source molecular beam epitaxy  
HfO2   hafnium oxide 
IBED   ion beam enhanced deposition technique  
JVD   jet vapor deposition  
MOCVD  metalorganic chemical vapor deposition  
MBE   molecular beam epitaxy 
MEMS  micro-electro-mechanical-systems  
MOEMS  micro–opto–electro–mechanical–systems 
OES   optical emision spectroscopy  
PACVD plasma-assited chemical vapor deposition 
PM   planar magnetron 
PVD  physical vapor deposition 
PLD  pulsed laser deposition 
r.f.   radio frequency  
r.f.-PLD  hybrid radio frequency-pulsed laser deposition system 
Si3N4  silicon nitride 
SiNx  amorphous silicon nitride  
SEM  scanning electron microscopy 
sp3 the four valence electron of carbon assigned to a tetrahedrally 
directed sp3 hybrid orbital forming covalent bonds with adjacent 
atoms 
sp2  the three of four valence electrons of carbon assigned to a trigonally 
directed hybrid orbital forming covalent bonds with adjacent atoms 
sp1   only two electrons forming covalent bonds 
ta-C  tetrahedral amorphous carbon 
TiC  titanium carbide  
UHV  ultra high vacuum 
XPS  X-ray photoelectron spectroscopy 
XRD  X-ray diffraction 
ZrO2  zirconium oxide, zirconia  
ZTA   zirconia-toughened alumina  
 
 
 
Zusammenfassung 
 
Auf dem Gebiet der Optik wird eine große Anzahl an Nitriden, Karbiden und 
Oxiden verwendet, insbesondere als harte Schichten, die gegen Verschleiß, 
Korrosion resistent sind und zur Lichtbeugung, wobei letztere besonders wichtig 
ist. Zusätzliche Anforderungen erfordern rigorosere Prozessparameter. Die 
Eigenschaften der mittels gepulster Laserstrahlung, Pulsed Laser Deposition 
(PLD), aufgetragenen Schichten werden durch die Prozessparameter bestimmt, 
durch die Zusammenstellung des PLD-Plasma, durch seinen Ionisierungsstatus, 
die Beschaffenheit der Substrate usw.. So können PLD-Verfahren dazu 
verwendet werden, das Haftvermögen bei qualitativ hochwertigen Schichten zu 
verstärken und bieten neue Anwendungen von harten optischen und 
thermischen Schichten, die für das Oberflächenwesen erforderlich sind. 
 
Ein erstes Ziel war es, Licht in bestimmte optische und mechanische 
Eigenschaften von glatten, gleichmäßgen und anhaftenden Keramikschichten 
(SiNx) zu bringen; diese wurden mit unterschiedlichem Prozessgasdruck und 
verschiedener Energiedichte auf diverse Substrate wie Glas, Silicon Wafer, 
Werkzeugstahl und Wolframkarbid (WC-10%Co) aufgetragen. Während des 
Auftragens der SiNx Schichten, wurde das r.f.-Plasma sowie das PLD-Plasma 
mittels Si3N4-target untersucht; dabei zeigte sich sehr gut, wie das neutrale 
Atom Si°, das Ion Si+, das neutrale Atom N° und das Ion N+ bei den 
Dissoziations- und Wiederbindungsprozessen im r.f.- und PLD-Plasma 
miteinander interagierten, so dass sie die physische und chemische Adsorption 
an den Oberflächen der Substrate und der nitrierten Schichten förderten und 
schließlich die dünne SiNx-Schicht entstehen ließen. 
 
Es wurden einige optische Eigenschaften der SiNx Schicht gemessen, wie z.B. 
der Brechungsindex, wobei sich zeigte, dass bei abnehmendem 
Prozessgasdruck der Brechungsindex anstieg. Außerdem wurde bei 
zunehmender Energiedichte eine allgemeine Steigerung des Brechungsindex 
festgestellt. Da das Si und seine Verbindungen als Keime für die Bildung von 
Diamant- und DLC-Schichten dienen wurde die SiNx-Schicht als 
Zwischenschicht verwendet, um die Haftung des harten DLC auf metallischen 
und Wolframkarbid- Substraten zu verbessern. 
 
Untersucht wurde der Einfluss der Substrate auf die Keimbildung und das 
Wachstum der DLC-Schicht, ebenso die Haftung dieser besonders harten 
Schicht auf verschiedenen Substraten. Gelungen ist die Beschichtung mit DLC-
Schichten auf Substraten (Werkzeugstahl und WC-10%Co) mit hohem Co-
Gehalt (Co ist in Zusammenhang mit sp3 als bindungshindernd bekannt); dabei 
wurden diese mittels Diamantscheibe und Diamantlösung poliert und 
anschließend geätzt, um so eine dünne amorphe CoO/CoSO4-Schicht zu 
erzielen, welche mittels eines r.f. Argonplasmas von der Oberfläche entfernt 
wird. Es wurden DLC-Schichten mit  anwendungsgemäβen Eigenschaften (60% 
 
 
sp3) aufgetragen, jedoch eine schwache Haftung und die Schichten zeigten 
spontane Ablösungen von den Substraten. 
 
Bei Verwendung von SiNx -Schichten als Zwischenschicht verbesserte sich die 
Haftung der harten DLC-Schicht.  Der Prozess bestand aus der Nitrierung der 
Oberflächen mittels eines r.f.- Stickstoffplasmas und dem anschließenden 
Auftrag von SiNx- Keramik mittels PLD-Plasma mit einem Stickstoffprozess gas, 
auf verschiedene Substrate wie Metalle, Keramik und Polymere. Schließlich 
wurden glatte, homogene und [fest]anhaftende DLC-Schichten auf 
Werkzeugstahl und WC-10%Co erzielt. 
 
Die chemischen, mittels Raman Spektroskopie dargestellten und mit EELS 
kalibrierten Verbindungen der DLC-Schichten haben gezeigt, dass der Gehalt 
der sp3-Verbindungen bei DLC-Schichten bei zunehmender Energiedichte und 
bei vermindertem Prozessgasdruck wächst. Mit zunehmender Anzahl von sp3-
Verbindungen in den DLC-Schichten verbunden mit einer Veränderung der PLD 
Prozessparameter steigert sich auch die Härte und das Young Modul, was 
gleichzeitig eine direkte Verbesserung der mechanischen Eigenschaften der 
Schicht mit sich bringt. Die Haftung der DLC-Schichten mit einem hohen Gehalt 
an sp3 auf WC-10%Co wurde verbessert. Die Art der Defekte (Scratch test) bei 
DLC-Schichten auf WC-10%Co unterscheidet sich von denen, die entstehen, 
wenn DLC auf Werkzeugstahl aufgetragen wird, der wegen der plastischen 
Deformation des metallischen Substrats einen Haftungsdefekt aufweist. 
 
Auf Grund der großen Nachfrage an stabilen, lichtbeugenden und nicht 
abbaubaren  Schichten stellt das Verständnis um die Kristallisierung der Al2O3-
ZrO2 Schichten im Zusammenhang mit den Prozessparametern und des 
Wärmebehandlung ein allgemeines Ziel dar. In der Vergangenheit war die 
Beschichtung mit komplexen lichtbeugenden Materialien und verschiedenen 
Zusammensetzungen noch nicht möglich. Fortschritte bei dem Auftrag mittels 
gepulster Laserstrahlung haben die Herstellung sehr dünner Schichten 
ermöglicht, welche die Durchführung verschiedener Diffusions- und kinetischer 
Studien ermöglichen. 
 
Die glatten, homogenen und [fest] anhaftenden Schichten aus Aluminiumoxyd 
und Zirkonoxid wurden in einer Relation von 85:15 (Al2O3-ZrO2) bei einer 
Höchsttemperatur des Substrats von 800°C ohne irgendeinen Einfluss auf die 
Kristallisierung der Al2O3-ZrO2 auf Substrate wie silicon wafer, rostfreien Stahl 
und CMSX-2 aufgetragen. Eine homogene Beschichtung von amorphem 
Verbundmaterial kann durch die Steigerung von kinetischer Energie während 
der Wärmebehandlung in eine Schicht mit größerer kristalliner Stöchiometrie 
umgewandelt werden. Nach der Wärmebehandlung weisen die Verbunschichten 
einen gesteigerten Anteil an kristallinem α-Aluminiumoxyd und Kubischem 
Zirkonoxid auf, bei reduziertem Sauerstoffprozessgas und mit gesteigerter 
Laserleistung, verbunden mit der daraus folgenden Änderung der Schichtdicke 
bei gleichem Substratabstand; Dies wird durch die Ausdehnung des Plasma und 
die vermehrte Abnahme der Partikel aufgrund des Transfers der Energie in das 
laserinduzierte Plasma verursacht. 
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Chapter 1 State-of-the-art  
 
1.1 The deposition of protective coatings 
 
In the actual processing technology of thin-film deposition, many interest has 
been sparked by recent advancements in the improvement of techniques such 
as chemical vapor deposition (CVD) to deposite diamond films[1,2] and related 
materials[3,4], plasma-assisted CVD (PACVD)[4] and physical vapor deposition 
(PVD) technologies[5] as thermal deposition, sputtering[6], molecular beam 
epitaxy, ion plating[7], electron beam evaporation[7], and pulsed laser deposition 
(PLD) [8,9], which altogether playing a major role because of the wide range of 
target materials able to be removed stoichiometrically[10] and the possibility of 
low substrate temperature deposition. In addition, PLD offers the advantage of 
generating high energy excited species in the vapor/plasma plume which can 
result in various chemical and structural film properties depending on the laser 
parameters and the processing variables.  
 
For hard materials and ceramic coatings, the PLD technique has been very 
successful to find new compounds, e.g., material composites, diamond-like 
carbon, etc., depending on the laser fluence, processing gas pressure, laser 
wavelength, repetition rate, target-substrate-distance, etc.. A certain number of 
coatings will become thermodynamically stable, via the control of the kinetics, 
i.e. choosing the right conditions to stabilize the structures at room temperature, 
it is possible to synthesize diverse materials.  
 
With the advancement of hard mechanical parts of different machines[11], cutting 
tools[12,13], in the photonic and electronic coatings area[14], in the refractory 
coating industries[15,16] etc., the requirements for the materials to be used 
become more stringent. Usually, the combination of properties that are needed 
for a certain design cannot be found only for one existing material. Therefore, 
there is a strong demand for new materials. With increasing understanding in 
the relation between the microstructure of materials and the macroscopic 
properties, e.g., the mechanical, electrical, optical, chemical, and thermal 
properties of diamond [12] (fig. 1-1) and related solids as diamond-like carbon 
(DLC)[8], cubic boron nitride (c-BN)[17], alumina (Al2O3), zirconia (ZrO2)[16], carbon 
nitride (CNx)[18], and silicon nitride (SiNx)[19] make them very attractive in 
applications ranging from wear-resistance coatings, in principle for mechanical 
and optical components[20,21], or the development of advanced refractory 
coatings (for instance, to be use for aircraft turbine), in combination with the 
desire for atomic engineering, i.e. intervention on the atomic level in a structure 
to obtain new materials with pre-designed properties. Furthermore, manipulating 
the atomic and/or microscopic structure in a systematic way may lead to a better 
understanding in the relation of the deposition techniques and their properties.  
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1.1.1 Optical ceramic coatings 
 
Optical coatings for UV applications have to meet a variety of specific 
requirements, such as low absorption and scattering losses, high resistance 
against damage to high-fluence excimer laser radiation, and long-term optical 
stability [20]. SiO2, Al2O3 and HfO2 are the most important oxide thin-film 
materials for the manufacturing of interference coatings in the DUV spectral 
region, down to 248 nm in the case of HfO2, or even down to 200 nm for SiO2 
and Al2O3[20,21]. These materials have already been the subject of many studies, 
even for their UV laser radiation resistance, but mainly in the context of the 
development of radiation-resistant defect-free dielectric mirrors for high-energy, 
for example, 3ω-Nd:YAG laser applications or other light sources in the UV 
spectral range[22,23]. 
 
On the other hand, in sensor technology, patterned silicon nitride films serve as 
etch masks, phase-shifting masks for deep-ultraviolet lithography, antireflective 
coatings, interlayer dielectrics, resistive electric field shields, spacers, etc.. 
Usually, the coatings are deposited by high temperature CVD, plasma-
enhanced chemical vapor deposition (PECVD) processes at substrate 
temperatures in the range of 300-450°C, electron cyclotron resonance plasma 
enhanced chemical vapor deposition (ECR-PECVD) at temperatures as low as 
room temperature or by r.f.-sputtering [19,24]. 
 
1.1.2 Wear-resistive coatings 
 
The amorphous diamond-like carbon films with properties closely related to the 
diamond and graphite (fig. 1-1) exhibit high hardness, low friction, electrical 
insulation, chemical inertness, optical transparency, biological compatibility, 
ability to absorb photons selectively, smoothness, and resistance to wear 
[25,26,27]
. For a number of years, these technologically attractive properties have 
drawn almost no common interest towards these coatings. Until recently, the 
work on DLC worldwide has not yielded the expected benefits in the field of 
wear resistance and general mechanical performance. Most of the success has 
been in applications for magnetic storage media [28] and optical coatings [29] 
originating from the high residual compressive film stresses, which result in the 
limited coating thickness (only thin coatings < 1µm have been applied), the high 
cost of most of the deposition routes, and the difficulty in gaining good adhesion 
to metallic substrates. The films often are spontaneously delaminated from 
substrates, mainly the poor adhesion on steel substrates [30] significantly limits 
the broader application of the DLC films.  
 
On the other hand, for useful coatings in the wear-resistive applications, 
temperatures on the coated parts may be high > 400°C. This requirement for 
high temperatures during the application can create thermal stress and 
deformation in the part that is coated increasing cost of coating production. The 
deposition of DLC coatings at room temperature [31] as an important requirement 
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is possible by PLD for commercial applications [8] as well as for covering 
polymers or hard metals with films of special superficial microstructure produced 
by subsequent thermal treatment. 
                          
 
Diamond                   Graphite 
 
Fig. 1-1: Crystalline allotropes from carbon: diamond (left) and graphite (right). 
 
From the point of view of optimizing the routed production of DLC films, the main 
need is for effective process control, primarily the tailoring of adhesion 
properties[32]. Adhesion can be affected by the deposition method in combination 
with the type of substrate [32,33]. Good adhesion of DLC films is observed for 
instance on carbide forming substrates [34,35]. In this way, the effect of different 
pre-treatments and the use of buffer layers have been studied to reduce the 
intrinsic stress in the DLC coatings with subsequent improvement in the 
adherence of the hard coatings on diverse substrates by the formation of an 
interfacial layer (composed of Si, C, N) between the buffer layer and the DLC 
films [35]. 
 
 
1.1.3  Refractory ceramic coatings  
 
Over the past 50 years the development of high temperature engineering alloys 
has been a primary driver of increased operating temperatures for gas turbine 
engines. This has resulted in dramatic improvements in both their power and 
efficiency[36]. High temperature components for gas turbines such as 
combustors and buckets are used in harsh environments. The surface of those 
components is usually coated with various materials to protect, for example, 
from high temperature oxidation and high temperature creep. The representative 
materials for coating are MCrAlY (M = Co; Ni and CoNi)[37,38] and ZrO2-
8wt%Y2O3 (TBC: Thermal Barrier Coating) ceramics. The TBC system consists 
of a metal bond coat (MCrAlY) which forms a protective alumina scale and a 
thermally insulating ceramic top coat (typically yttria stabilized zirconia) [39,40]. 
These coatings provide a thermal and oxidation barrier between the hot engines 
gases and air-cooled turbine blades. This reduces the surface temperature of 
the metal component thus enabling conventional superalloys to be used [40].  
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Fig. 1-2: Plot of thermal expansion coefficient vs. thermal conductivity. Materials for the 
TBC layer are desired to have a thermal expansion coefficient close to that of nickel based 
superalloys and the lowest thermal conductivity. The nickel alloys used for turbine blades 
have a TEC from 14.0 to 16.0 x 10-6 K-1. Alumina has a TEC = 8.2 x 10-6 K-1 and the YSZ 
has a TEC = 9.0 x 10-6 K-1 [41]. 
 
Yttria stabilized zirconia has become the preferred refractory layer material for 
gas turbine engine applications because of its low thermal conductivity and its 
relatively high (compared to many other ceramics) thermal expansion coefficient 
(fig. 1-2)[41]. This reduces the thermal expansion mismatch to the alloys with the 
high thermal expansion coefficient to which it is applied. It also exhibits good 
erosion resistance, which is important because of the bombardment by high 
velocity particles of the engine gases [36]. 
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Fig. 1-3: (a) The thickness of the low Al-content layer at the MCrAlY surface is increased 
with increasing oxidation time and temperature. (b) Scheme of the MCrAlY oxidation 
process[38], the Al from the MCrAlY produces a superficial Al2O3 layer by the interaction 
with the diffusing oxygen yielding in a direct degradation of the MCrAlY coating. 
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How is reported by Y. Etori and et. al [38], after the oxidation test of low pressure 
plasma sprayed CoCrAlY and CoNiCrAlY coatings, aluminum oxides are formed 
at the surface of those materials, and an area of low aluminum concentration 
has been grown under the oxides layers. The low aluminum concentration layer 
grows with increasing oxidation time and temperature (fig. 1-3a)[38]. So, the 
MCrAlY coatings show a degradation behavior, however, the processes are not 
yet clarified (fig. 1-3b). Today, in commercial applications only the latter is 
utilized, but advances in TBC system are indicating the search to increase the 
engine operating temperatures, employing other alternate refractory coatings. 
 
The most promising approach is the use of a TBC system, which thermally 
protects the engine components allowing for their use at higher gas 
temperatures without any degradation. The production of a ceramic-ceramic 
alumina-zirconia (Al2O3-ZrO2) composite [42] by PLD can be an alternative in the 
refractory coatings area, impeded by a slowing in the development of materials 
with even higher temperature capabilities, for instance, the turbine blades, 
vanes, and their coatings used for hot sections of gas turbine engines must 
endure extremely hot engine gases, an oxidative and hot corrosive environment, 
large centrifugal loads, and high velocity particles impacts [43]. New blade/vane 
materials must therefore possess a balance of high temperature strength, 
toughness, oxidation, and corrosion resistance. 
 
 
1.2  Purpose and Objectives 
 
Extensive investigations on hard coatings under sliding conditions led to many 
important findings on the required properties and deposition parameters of hard 
coatings and substrates, which resulted in improved mechanical, optical, 
thermal, and tribological properties of the surfaces. This research report reviews 
the present status of diamond like-carbon (DLC), silicon nitride (SiNx), ceramic-
ceramic (Al2O3-ZrO2) composites, and carbon nitride (CNx) produced by PLD as 
an emergent technique for the deposition of protective coatings. 
 
An initial objective of this work has been to illustrate the optical and structural 
properties of silicon nitride (SiNx) deposited by PLD and its application as 
interlayer system to improve the adherence of DLC coatings. In this way, the 
correlation between the properties of the ceramic coating and the species 
characterization from the nitrogen r.f. plasma, the PLD plasma (Si3N4 target) and 
the nitrogen r.f. - PLD hybrid plasma system will be analyzed as prerequisite to 
understand the mechanisms of the SiNx films formation. 
 
Diamond-like carbon (DLC) films are becoming more and more popular by their 
excellent combination of properties. Apart from their high hardness and wear 
resistance, large band gap, field emission properties, and optical transparency 
in a broad wavelength range have made DLC a potentially important material. 
For this reason, the production of DLC films by PLD was selected as a main 
topic in order to offer an advanced study of their mechanical properties 
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correlated with the deposition parameters to gain more insight in the influence of 
the substrates properties (with high Co-content) on the quality of DLC coatings. 
Finally, the investigations may result in alternative methods, by using other hard 
materials as buffer layers to improve the adherence of superhard coatings on 
diverse substrates. 
 
In order to contribute to some requirements in the actual refractory coatings 
area, a new alumina-zirconia (Al2O3-ZrO2) composite rich in alumina (85% 
Al2O3) is produced by PLD. In this way, the mechanical properties of the alumina 
and also the capacity to insulate the surface from oxygen diffusion are 
considered to stop the oxidation process of the nickel alloy substrates, when is 
employed as TBC. The YSZ (ZrO2-8%Y2O3) will be deposited simultaneously 
with the Al2O3 film to be appearing as a secondary ceramic phase (15% YSZ) 
with a thermal expansion coefficient very close (fig. 1-2) to the alumina. As a 
first approach to understand the phases crystallization behavior as increasing 
the substrate temperature a characterization by low angle XRD is made. If the 
alumina-zirconia (Al2O3-ZrO2) composite coatings stay in amorphous structure 
up to the maximum substrate temperature (800°C in oxygen environments) 
annealing will be used as a more general goal to understand the coating 
crystallization process.  
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Chapter 2 Fundamentals of Coatings 
 
2.1 Super-hard coatings 
 
Thin films are widely used as coatings in a variety of applications, either as 
structural overcoats or as functional coatings. In many cases, the specification 
profile of modern technical components and tools in microsystems is complex 
and can be met only by deliberately affecting the materials. For example, the 
increasing interest in new hard coating includes investigations of binary C-N; B-
N; Si-N; ternary B-C-N[44,45] and quaternary B-C-Si-N compounds (fig. 2-1) that 
are known to have extreme mechanical properties[45,46]. 
 
Related research has revealed a new class of materials, the diamond-like solids. 
The diamond-like phases are distinguished by unusual hardness and chemical 
inertness. These properties apparently arise from the high proportion of sp3 
carbon sites. There appear to be two classes of diamond-like phases: the 
diamond-like hydrocarbons (a-C:H)[47] and the diamond-like carbon (a-C)[45]. 
More is known about the diamond-like hydrocarbons than about the diamond-
like carbons. The diamond-like carbons may, in fact, include several different 
types of structures ranging from microcrystalline diamond to complex, 
amorphous materials containing significant amounts of both the sp2 and sp3 
carbon sites[8,28,30,35,45]. 
 
BC
Si
N
SiC
Si3N4
BN
BCN ?
B4C
B5C3N
B12C2.8Si0.35
CNx
 
 
Fig. 2-1: Hard materials in the composition tetrahedron C-B-N-Si. Other hard materials not 
shown include amorphous hydrocarbons and compounds with other B/C rations, B-O 
compounds, and C-N compounds [45]. 
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The field of superhard materials is rapidly evolving with increasing interest. The 
types of materials considered may be categorized by their elemental 
composition. Most of the materials considered are represented by the 
“composition tetrahedron” (fig. 2-1), which contains compounds or solid 
solutions involving the elements boron, carbon, nitrogen and silicon [45,46]. These 
low-atomic-weight elements also form strong covalent bonds with hydrogen, 
which leads to a class of hydrogenated, typically amorphous materials [47]. Cubic 
BN [44,46] and Si3N4 [19,20,21,22] are considered in this research because they are 
structurally related to diamond with overlapping areas of application [45].  
 
2.1.1 Diamond Coatings 
 
2.1.1.1 Metastable diamond growth 
 
General Electric was the first company to realize a successful process for 
growth of diamond at high pressure and high temperature[45,65]. Graphitic 
carbons in the presence of liquid metal solvent-catalysts are reacting in the 
temperature-pressure range, where diamond is in the thermodynamically stable 
phase with crystals spontaneously nucleated and grown[45,48]. The high-pressure 
and high-temperature synthesis generally is performed in the pressure range 50 
- 65 kbar within the temperature range 1300 - 1700°C. The mixture contains 
carbon (usually as graphite) in combination with the group VIIIA elements iron, 
nickel, and cobalt and others as manganese (group IIA), aluminum and boron 
(group IIIB) as main secondary elements. Nucleation of diamond is enhanced 
rapidly if the metal-carbon eutectic temperature is exceeded [49]. 
 
Metastable phases can form from precursors with high chemical potential if the 
activation barriers to more stable phases are sufficiently high. As the energy of 
the precursors is going down they can be trapped in a metastable state. For 
metastable diamond synthesis the undesired competing processes are 
nucleation of graphitic carbons and graphitization of existing diamond. The 
possibility of generating diamond in the pressure-temperature range where it is 
thermodynamically unstable has been recognized for many years, however, 
accomplishing practical low-pressure processes has taken decades to 
accomplish [45]. 
 
The first realization of rapid low-pressure growth of diamond crystals on non-
diamond substrates has been reported by Deryagin’s group in the Soviet Union, 
however, the method of growth has not been revealed. Worldwide interest in 
low-pressure diamond growth was simulated by a series of remarkable papers 
published by the National Institute for Inorganic Materials (NIRIM) in Japan from 
several research groups as leading figures in this effort. Methods for growth of 
diamond at rates of 10 µm/hour were described in combination with convincing 
characterization evidence [45,49].   
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2.1.1.2 Vapor growth of diamond 
 
The first documented successful effort to grow diamond from vapor has been 
initiated in 1949 by the Linde Laboratories of Union Carbide Corporation. Years 
later, in the United Stated and in the Soviet Union these efforts are continued, 
which ultimately led to proof that diamond might be grown by chemical vapor 
deposition from hydrocarbon gases and to some understanding of the role of 
hydrogen in the process. Although relatively rapid transient growth rates 
(0.1µm/hour) of diamond are achieved in these early studies, graphitic carbons 
eventually nucleated on the diamond seed crystals, are suppressing further 
diamond growth. Average growth rates have been too low to be of commercial 
significance [45,50]. 
 
It is the control of non-equilibrium gas phase chemistry that allows for the growth 
of diamond at low pressures. Over the past 10 years nearly all the groups have 
moved to the current deposition techniques that supply atomic hydrogen and 
carbon-containing species. Furthermore, the crystal quality and related 
morphology are remarkably similar for all the various processes and their 
variants, even thought to range from plasma-enhanced to filament-assisted non-
plasma processes.  
 
Such observations suggest a common mechanism of nucleation and growth. 
However, there are differences, such as the growth rates varying over 3 orders 
of magnitude in the range 0.1 - 300 µm/hr. Also scratching the substrate with 
diamond (or other abrasive) is essential for high nucleation densities (>1/µm2) in 
some processes but not in thermal plasma and atmospheric torch. To compare 
the various deposition techniques, much more needs to be known on the 
generation and transport of critical vapor species to the growing film surface as 
well as the surface processes during both nucleation and growth of crystalline 
diamond [50,65] by a large variety of energetically assisted chemical vapor 
deposition processes. These may be divided into two broad categories[45]: 
 
• Thermally-assisted chemical vapor deposition, for example, hot-filament-
assisted processes. 
 
• Plasma-assisted chemical vapor deposition (PACVD), for example, 
microwave assisted processes. 
 
These techniques provide polycristalline diamond films on a wide variety of 
substrates without the necessity of diamond seed crystals. Although the detailed 
molecular mechanisms are not known all the processes have elements in 
common, namely, the presence of atomic hydrogen and the production of 
energetic carbon-containing fragments under conditions which support high 
mobilities of species on the diamond surface [45,65]. 
 
Average growth rates of polycrystalline diamond films are in the range 10µm/h, 
but growth rates in the order of 100 µm/h have been reported for high-energy 
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systems [45,51]. Indeed, a growth rate of 30 to 40 µm/h has been achieved with 
an acetylene torch. Diamond-on-diamond epitaxy has been reported but the 
epitaxial layer is not of high quality, showing stacking faults, twins, and even 
microcracks along (111) planes. It is expected that heteroepitaxy of diamond will 
be accomplished in the near future. The uncontrollable nucleation of diamond 
nuclei has prevented the growth of large single crystals >1 mm by vapor 
deposition [45,52]. 
 
2.1.1.3 Applications of diamond 
 
The applications of diamond result from its extreme properties. Diamond offers 
the highest values of atomic number density, hardness, thermal conductivity at 
298K, and elastic modulus of any known materials (table 2-1). It is the most 
incompressible material with a thermal expansion coefficient lower than Invar*. 
Diamond shows a high refractive index and optical dispersion. Without nitrogen 
diamond is extremely transparent from 230 nm to at least 40 µm in the IR apart 
from a few intrinsic absorption bands in the range 2.5 to 6.0 µm [45]. 
 
Applications of diamond as an abrasive or as a cutting tool arise from its 
extreme hardness and high thermal conductivity [45]. The ability to deposit 
diamond films over large areas will greatly expand these applications and 
should lead to many others as well. Diamond films may find application as wear-
resistant coatings, wire-drawing dies, coatings for drills, and bearing surfaces 
[45,55]
. It may also be possible to employ diamond coatings as impact-protection 
coatings for small particles erosion such as rain.  
 
The high thermal conductivity, low expansion coefficient, and strength of 
diamond provide high resistance to thermal shock. Windows of high power 
lasers may take advantage of this combination of properties[56,57]. Crystallume-
company, for example, has announced the commercial availability of 6-mm 
diameter x-ray windows. The high thermal conductivity has led to the use of 
diamond as a heat sink material in electronic applications. This applications, and 
many others will likely be expanded by the availability of large-area diamond 
films. 
 
Natural and high-pressure synthetic diamonds are already used as instrument 
windows in specialized research applications as optical elements and diamond-
coated optics, which are actual applications of vapor-grown diamond films. 
However, some applications require significant reductions of the surface 
roughness and of the optical absorption [45,56]. 
 
                                                          
*Invar is a trademark for an iron-nickel alloy containing 35-36% nickel and characterized by 
an extremely low coefficient of thermal expansion. Invar is strong, tough, ductile and 
possesses a useful degree of corrosion resistance. It is magnetic in the temperature range 
up to 205°C [53]. 
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Properties Type IIA Vapor-Grown 
Hardness, GPa ~ 90 80 - >90 
Mass density, g/cm3 3.515 2.8 – 3.5 
Molar density, g-atom/cm3 0.293 0.23 – 0.29 
Specific heat at 300K, J/mol K 6.195 - 
Debye Temperature, 273-1100K 1860 + - 10K - 
Compressibility, cm2/Kg 1.7x10-7 - 
Thermal conductivity at 198K, W/cm/K ~ 20 10-20 
Bulk modulus, N/m2 4.4 – 5.9 x 1011 - 
Linear thermal expansion coefficient at 293K, K-1 0.8x10-6 - 
Refractive index at 589.19 nm 2.41726 2.4 
Dielectric constant at 300K 5.7 + - 0.05 5.7 
 
Table 2-1: Properties of diamond IIA** and diamond vapor-grown coatings 
 
Diamond electronics may be another long-term application. Diamond as a wide-
band-gap semiconductor (5.5 eV) as doped by nitrogen, furthermore, has a high 
breakdown voltage (~107 V/cm) higher than silicon, GaAs, or InP [58]. However, 
the use of vapor-grown diamond as an active electronic component will require 
a greater crystalline perfection than available. Many electronic applications will 
also require the growth of heteroepitaxial diamond films, which has not yet 
achieved [45,59]. 
 
2.1.2 Cubic Boron Nitride (c-BN) 
 
2.1.2.1 Structure and properties of B-N compounds 
 
Similar to carbon, there are three phases of synthetic materials in the B-N 
system. Graphite-like hexagonal h-BN (also called g-BN or alpha-BN) is a soft 
material of white colour. Several derived variants of this structure exist: 
amorphous a-BN, turbostatic (random-layer lattice) t-BN, and rhombohedral r-
BN [60,61,65]. 
 
The equivalent to diamond in the B-N system is represent by the cubic c-BN 
(also called z-BN or beta-BN) with several outstanding qualities, such as 
hardness (>4000 Hv) surpassed only by diamond, low chemical reactivity, high 
thermal conductivity, high electrical resistance, and low density (table 2-2). The 
combination of properties makes c-BN more suitable as an engineering material 
than diamond for many applications, especially for wear. For example, diamond 
cannot be used to machine steels, particularly hardened steels, because 
diamond (carbon) dissolves into the steel at high tool tip temperatures. c-BN, in 
                                                          
**
 Diamond IIA is one of the four types of diamond classified according to its optical and 
electrical properties. The diamond IIA is a synthetic diamond effectively nitrogen free with 
an intrinsic 2 - 6 µm absorption. The ultraviolet absorption edge is at a wavelength about 
222 nm [54] 
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comparison, has a very low affinity to steel, therefore making it a promising 
candidate for machining [60,61,62]. 
 
 
Properties c-BN h-BN a-BN 
Crystal structure Cubic, zinc blend hexagonal amorphous 
Mass density, g/cm3 3.48 2.2 1.74 
Hardness, GPa 60-75 2  2-6 
Lattice constant, Å a = 3.61 a = 2.50 
c = 6.60 - 
Specific resistivity – undoped, Ω cm 
- p-type 
- n-type 
1010 (at RT) 
102 -104 
103 -107 
1x1013 1015 
Thermal conductivity at 198 K, W/cm K 2 - 9 (a) 0.36 (b) 0.68 - 
Linear thermal expansion coefficient, K-1 4.8x10-6 3.8x10-6 - 
 
Table 2-2: Properties of B-N Materials [60] 
 
The isotypical phase to hexagonal diamond is the wurtzite phase (w-BN) of 
unknown stability/metastability [63]. This structure is at least important for 
technological applications of B-N compounds, but its properties are only 
sparsely documented [60,63]. 
 
2.1.2.2 Synthesis of bulk materials 
 
Various attempts have been made to synthesize B-N material that would be 
feasible for industrial applications in various fields, for example, wear protection, 
machining, semiconductors, electronics, and optics. The first results were 
achieved in the synthesis of bulk materials [60,64,65]. 
 
The transformation of h-BN to c-BN can be achieved at a pressure of 6 GPa and 
temperatures of 1470-1720K resulting in polycristalline, fine-grained particles 
after a processing time of 15 min. Under adapted properties, the h-BN should be 
of small particle size and poorly crystallized, thus lowering the high activation 
barrier for the c-BN transformation, whereas well-crystallized h-BN starting 
material results in w-BN [60,63]. 
 
Synthesis from amorphous a-BN has been accomplished at a pressure of 7 GPa 
and temperatures above 1070K. It is assumed that the reaction follows to 
possible conversion mechanisms such as the direct transformation of a-BN into 
c-BN or the intermediate transformation following the route a-BN  h-BN  c-
BN [60]. 
 
The two methods described above have been performed on a laboratory scale 
resulting in c-BN of hightest purity and quality[65]. However, the methods are 
unsuitable for the production of c-BN crystals in an industrial scale, especially, 
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when purity is not as stringent, for example, for wear protection or machining 
application, or for thin films of BN onto substrates such as cemented carbide 
tool bits. The most economical production methods in that case are “catalyzed” 
transformations of h-BN to c-BN. In these reactions, additives act as flux 
precursors, forming an eutectic with h-BN. The resulting c-BN powder is of small 
size in the range submicrom to 0.4 mm in diameter with crystals of tetrahedral or 
octahedral shapes. The crystallites usually contain precursor residues as 
inclusion contaminants. Another less common method for special applications of 
bulk c-BN, for example, for research purposes in the semiconductor field is the 
static high pressure method, using temperatures in the range 1540K -1890K in a 
powder-filled reactor to grow crystals from c-BN seeds. The process is very slow 
(50 mg afther 60 h under 5.5 GPa and use of flux precursors) but allows the 
growth of larger crystals than other methods described [60,65]. 
 
Finally, the dynamic high pressure process uses multiple shock waves to 
provide the transformation energy for the production of c-BN from amorphous 
BN. In industrial applications, this method is mainly used for compacting c-BN 
powders into larger volumes as an alternative method to sintering [60]. 
 
2.1.2.3 Synthesis of thin films 
 
Recently, there has been considerable interest in the production of thin c-BN as 
well as h-BN or other configurations films which are expected to open new fields 
of applications for this unique material. Generally speaking, thin film deposition 
methods for BN can be described as the degradation of BN precursors by hot 
filament, plasma, or laser methods. Various processes have been developed 
[60,66]
. 
 
The ion beam assisted synthesis of i-BN (unidentified B-N structure with low 
yield of c-BN, presumably N-rich) from borazine (B3N3H6), has been performed 
in two variations: ion assistance by a borazine Kaufman-type ion beam source, 
and the ion beam enhanced deposition (IBED) technique combining the electron 
beam evaporation of boron with N-ion bombardment from a Kaufman-type ion 
source. Because of the high ion energy IBED results in an improved adhesion 
via nucleation and grain growth. Significant hydrogen and carbon contamination 
(H from water vapor, hydrocarbons, and precursor, C from evaporation of the 
graphite crucible) has been detected. The resulting thin films (450 Å) are 
amorphous, the thicker ones contain crystallites of 200-500 Å diameter in an 
amorphous matrix [63,67]. 
 
Deposition with the activated reactive evaporation (ARE)[68,69] technique at Tsub 
= 450°C results in c-BN films using the evaporation of boric acid (H3BO3) in an 
NH3 plasma. This technique uses also a filament-anode arrangement to 
increase plasma ionization, as well as r.f. substrate biasing. The c-BN films 
could be identified clearly with possible applications for IR and UV optics. A wide 
range of substrates is investigated, and in addition, interlayers are inserted to 
improve the bonding strength of the films. Only silicon significantly improves the 
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adhesion of the c-BN films thicker ~1 µm, with a graded interlayer consisting of 
a mixed compound ranging from pure silicon over silicon/c-BN to pure c-BN. 
Investigations of the films are focussed on tribological properties, giving a 
hardness about 6200 Hv, a friction coefficient of 0.02 in vacuum at 400°C, and 
0.35 in air at room temperature [60,67]. 
 
R.f. sputtering resulting in h-BN films is first reported in 1983 using an h-BN 
target under N2. No c-BN could be obtained by this technique at that time. Later, 
films containing some c-BN are successfully produced, confirming that 
composite BN targets of 1:1 stoichiometry dissociate into their atomic 
constituents, resulting in loss of nitrogen which has to be compensated by N2 
reactive gas additives for deposition of stoichiometric films at substrate 
temperatures in the range 300-400°C. The analysis of target emission using 
mass and optical spectrometry, as well as electron probes has been attempted, 
but doesn’t result in any conclusions beside the detailed plasma properties 
[60,67,70]
. 
 
Recently, films of predominantly c-BN are produced by r.f. sputtering of h-BN 
under Ar+N2[67]. The c-BN phase forms at low N2 partial pressures at a 
sufficiently high R.F. substrate bias. High compressive stresses result in peeling 
of c-BN from the Si substrates, which can be prevented by an h-BN buffer layer. 
Presumably, the films form by sputtering of the h-BN target in the atomic state 
since emissions of B2 and BN have not been detected. Unbiased substrates 
inhibit the formation of c-BN, in which case only h-BN is observed, but with 
significant lattice distortion of non-stoichiometric films due to Ar incorporation or 
missing B or N atoms. Biasing of substrates enhances the c-BN formation [60,67]. 
 
Several research teams examined pulsed laser ablation for deposition of BN 
films with the decomposition of an h-BN target resulting in h-BN. Production of 
unstrained heteroepitaxial c-BN films has been successfully accomplished, but 
particles emitted from the pyrolitic h-BN targets are detected in the films. The 
formation of c-BN instead of previously reported h-BN is attributed to the use of 
KrF excimer laser radiation, which has higher photon energy than Nd:YAG laser 
radiation and the frequency-doubled YAG laser radiation used [60]. 
 
Chemical vapor deposition (CVD) is one of the earliest techniques employed for 
production of BN films of various structure. The first reports of CVD in 1979 for 
the production of h-BN are based on the decomposition of trichloroborazine 
(B3N3H3Cl3) and NH3-H2-Ar. Other possible precursor processing reactions are 
decomposition of borazine (B3N3H6) at 300-650°C, beta-trichloroborazol at 700-
1100°C, decaborane (B10H14) and ammonia at 600-900°C, boron tricloride 
(BCl3) and ammonia at 250-600°C. Especially for CVD, ammonia is the 
preferred source for nitrogen because of its higher reactivity compared to 
molecular N2 [60,67]. 
 
As compared to “classical” (thermal activated) CVD, the yield of c-BN can be 
improved significantly by plasma-enhanced (PVD, PECVD) methods yielding in 
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many cases a lower processing temperature as well. One early example of 
PECVD is the use of an r.f. discharge at deposition temperatures < 300°C with 
precursor gas diborane in a mixture of ammonia and hydrogen [67]. 
 
As a concluding remark, for most BN thin film deposition techniques, it can be 
stated in general that preparation and reproducibility of pure c-BN is still difficult. 
Most films contain some h-BN, and the most common contaminants are 
unspecified oxygen and carbon. Obviously, the actual hardness of the film 
depends strongly on the crystal structure due to the difference between the 
values for c-BN (>4000 Hv) and h-BN (1000 Hv). Consequently, the large 
scatter in the reported hardness must be in part attributed to the difficulty of 
producing pure c-BN films, in addition to the processing dependant difference in 
c-BN nucleation and grain growth [60]. 
 
2.1.3 Diamond-like carbon (DLC) - structure and composition 
 
Diamond-like carbon (DLC) is an amorphous, in most cases hydrogenated, 
metastable material. The designation diamond-like carbon is chosen because 
the material is characterized by properties that are to a certain extent similar to 
those of diamond such as high hardness, high wear resistance, low friction 
coefficient, chemical inertness, high electrical resistance, and optical 
transparency in the visible and infrared. The attractive properties of the material 
have stimulated a large amount of research on their deposition and 
characterization, and on the development of relevant applications [60]. The 
properties of DLC films are determined by the bonding hybridization of the 
carbon atoms and the relative concentration of the different bonds, i.e., 
sp3:sp2:sp1. In hydrogenated DLC films, some of the carbon bonds are 
terminated by hydrogen [71,72].  
 
All methods for the deposition of DLC films contain non-equilibrium processes 
characterized by the interaction of energetic ions with the surface of growing 
films [71]. PLD is used for the deposition of hydrogen-free carbon coatings (a-C 
and ta-C), with the possible deposition of DLC at room temperature [71,73]. 
 
Diamond and graphite are the stable forms of carbon with well-defined 
crystallographic structures. Natural diamond is a crystalline material, and the 
diamond films fabricated by various CVD methods are composed of diamond 
microcrystallites up to tens of microns in size. Crystalline diamond is composed 
entirely of tetrahedrally coordinated sp3-bonded carbon. Thus, diamond and 
diamond films represent well-defined materials with fixed properties. In contrast,  
DLC films lack from any long-range order and contain a mixture of sp3-, sp2-, 
and sometimes even sp1-coordinated carbon atoms in a disordered network. 
The ratio between the carbon atoms in the different coordination depends in 
principle on the deposition conditions [71,72]. 
 
The diverse crystalline structures of the carbon (fig 2-2) start from diamond with 
four sp3 hybridized orbitals. These sp3 orbitals contribute to the formation of four 
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equal carbon-carbon bonds with adjacent atoms, which produces the tetrahedral 
structure of diamond. This covalently bonded tetrahedral structure is the origin 
of the superior properties of diamond, like high hardness and high thermal 
conductivity. Graphite has three trigonally directed sp2 hybrid orbitals arranging 
in plane with each carbon atom bonded to three other carbon atoms with strong 
covalent bonds. The layers of carbon atoms are attracted to each other by weak 
van der Waals forces producing the layered structure of graphite. The layers can 
cleave easily, which accounts for the typical low friction coefficient of graphite 
[71,72]
. In most fullerenes and also in nanotubes structures, three of the outer 
electrons of carbon occupy the sp2 hybrid orbitals, and the fourth electron is 
delocalised. Some fullerenes such C28H4 also contain a small number of sp3 
hybridized carbon atoms with hydrogen needed for the bond of the fourth 
valence electron [74].  
 
 
 
Fig. 2-2: Different crystalline structures of the carbon 
 
The diamond like carbon is the metastable form of amorphous carbon (a-C), the 
like hydrogen-free form of amorphous carbon, which is highly sp3 bonded, is 
well-known as a tetrahedral amorphous carbon (ta-C) [71,72]. The structure of 
DLC films can be described as a random network of covalently bonded carbon 
in the different coordinations. Accordingly, the material can be described as a 
network of graphitic clusters of fused six fold rings, linked into an amorphous sp3 
bonded carbon matrix. The formation of the graphitic clusters relieves the strain 
in the DLC structure. According to Robertson's model, the existence of the 
optical gap in DLC films is the result of the correlation of a very small amount of 
hexagonal rings and does not necessarily prove a dominating diamond-like sp3 
bonding [71]. The width of the optical gap was claimed to depend on the degree 
of medium-range order and was found to vary inversely with the square root of 
C60 
“buckminsterfullerene” 
Diamond 
Graphite (10.10) tube 
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the size of the clusters, being proportional to 6N-1/2, with N being the number of 
aromatic rings in a cluster [71]. Moreover, in contrast to diamond, a-C and also a-
C:H exhibit a low friction coefficient against most materials and may be used as 
a solid lubricant. 
 
2.1.4 Carbon Nitride (CNx) 
 
Compounds consisting of carbon, nitrogen and/or hydrogen atoms, hereafter 
called CNH materials, are very important constituents in the chemistry of 
everyday, and may be found in various forms. The application of CNH materials 
in solid thin films, however, only started in the last decades, driven by industrial 
demands for tribological coatings with one or more useful properties like high 
hardness, low friction coefficient, chemical inertness, biocompatibility, high 
thermal conductivity, and/or optical transparency. 
 
The interest in carbon nitride materials is initiated by predictions of Liu and 
Cohen that the hypothetical compound β-C3N4, with a structure similar to β-
Si3N4, should exhibit a bulk modulus B*** comparable to or even greater than 
that of diamond (B = 443 GPa) [70,75,78]. Regarding the empirical “evidence” for 
the relation between the hardness and the bulk modulus it can be concluded 
that β-C3N4 might be harder than diamond. Ab initio calculations furthermore 
showed that the β-C3N4 structure would have a good chance of being (at least) 
metastable under normal conditions. Different C3N4 structures (fig. 2-3) have 
been predicted [76,77,78] with the proposed structures, except the graphite phase, 
showing a bulk modulus approaching that of diamond [77]. Other investigated CN 
stoichiometries (1:1) showed a considerably lower bulk modulus [79]. Moreover, 
Teter and et. al [77] pointed out that the aggregate shear modulus, the resistance 
to reversible deformation upon shear, for the proposed C3N4 structures is only 
60% that of diamond. Teter and et. al [77]  is suggesting to refocus on materials 
more useful than diamond, rather for other properties than hardness as for the 
predicted optical properties. Calculations show evidence that the bandgap of the 
various C3N4 polymorphs might be as high as 6.4 eV [81], and that the films might 
be transparent for visible and/or UV light as well.  
 
The predictions of a possibly superhard carbon nitride materials with 
extraordinary optical properties stimulated extensively by worldwide effort to 
synthesize these crystalline compounds with almost any deposition technique 
used. These attempts are nicely reviewed in various references [82,83,84]. In most 
cases amorphous nitrogen-deficient material is obtained. In numerous 
                                                          
*** The bulk modulus, B, is defined as the constant of proportionality between 
stress/strain, where stress is simply the applied pressure change, δp, and strain is the 
fractional volume change, 
V
V∆
, during the compression of any material i.e. 
V
pVB
∆
∂
= , converting finally ∆V into a δV: 
V
pVB
∂
∂
−= . 
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publications the authors claim, based on electron or x-ray diffraction data, to 
have synthesized grains of crystalline C3N4. However, in most cases the 
nitrogen content of the films is < 30 at.% that one has to assume that the C3N4 
grains are embedded in an otherwise nitrogen-deficient carbon matrix. 
Furthermore, the usually reported size of the crystallites of a few nm seems too 
small for tribological applications. Therefore, at present it is well agreed that the 
synthesis of a crystalline C3N4 compound with the predicted favorable properties 
is extremely difficult, if not impossible. 
 
Nevertheless, CNx films in a stoichiometry other than C3N4 or a-C:H:N show 
their own virtue. For instance, a few years ago a so-called “fullerene-like” phase 
has been discovered in magnetron sputtered CNx (x = 0.1 – 0.2) films which 
combine a high hardness (~ 40 - 60 GPa) with an extreme elasticity (60 – 90 % 
recovery) [86]. Other experiments also report on a-C:H:N and CNx films with 
properties comparable to a-C:H films, i.e. a relatively high hardness and 
elasticity [87,88], low friction coefficient [89], infrared and visible light transparency 
[90,91,92]
, chemical inertness [93], and tunable optical properties (like refractive 
index and bandgap) depending on the nitrogen content [94,95,96]. The most 
promising use of carbon nitride materials, however, seems to be in the field of 
either nanocomposites or multilayer structures (also called “superlattices”) [97]. 
 
 
 
Fig. 2-3: Hypothetical C3N4 structures [75]. The green atoms represent nitrogen.  
 
 
Nanocomposites are nanocrystalline materials composed of a mixture of hard 
compounds. Superlattices are artificial, man-made periodic arrangements of thin 
(several nanometers), epitaxial layers of two different materials. With such 
heterostructures, consisting of CNx/TiN [87] and CNx/ZrN [88], hardness values of 
45 - 55 GPa and Young's modulus of ~ 400 GPa could be reached. 
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2.2 Hard coatings 
 
2.2.1 Alumina-zirconia (Al2O3-ZrO2) composite coatings 
 
Rapid development in basic ceramics has introduced ceramic-ceramic 
composites for many engineering applications largely due to the improvement in 
their microstructure. This has resulted in systems with diverse structure of the 
ceramics. Some of the developments are particularly reinforced ceramic 
composites as Al2O3+TiC, Al2O3+ZrO2, ZrO2+Al2O3+SiCw, Si3N4+SiCw and 
similar ones [98,99]. 
 
Alpha-alumina and partially ytria stabilized zirconia (Y-PSZ) are accepted and 
standardized ceramic materials in different applications. Although effective, both 
materials have specific potential disadvantages. Alumina exhibits lower bulk 
density, high hardness, high Young's modulus, wear resistance properties, and 
high thermal conductivity, however, it is a brittle material with a risk of fracture 
resulting in certain design restrictions. Zirconia show only 50% of alumina’s 
hardness but transformation toughening improving fracture resistance, that its 
overall toughness and bending strength are substantially higher than for 
alumina. [99,100,101]. Thus, an ideal ceramic would be a material that combines the 
properties of zirconia and alumina adapted to applications.  
 
Actual studies investigate the feasibility of a new alumina-based composite - 
Zirconia Toughened Alumina (ZTA)- with improved toughness through the 
addition of zirconia, whilst maintaining all other properties such as wear 
resistance, hardness, stability, and chemical inertness. Additions of 
approximately 25% zirconia to alumina have been shown promising to achieve 
these objectives [98,99]. Previous studies on the production of ZTA have used a 
mixture and the sintering of powders to obtain compact bodies with ZrO2 
particles as a second phase in the matrix of Al2O3[102,103], but in the production of 
coatings, the way to incorporate ZrO2 is the simultaneous deposition with Al2O3. 
The zirconia appears as a finely dispersed phase in the alumina matrix [104] as 
demonstrated by PLD. 
 
In the actual coatings technology there is considerable interest to use different 
PVD or/and CVD techniques to solve different industrial problems by the 
introduction of a ceramic component into the matrix of another as unique 
opportunity for tailoring the properties of the composite films by stacking of thin 
films with different thickness, microstructure, and composition in a suitable 
sequence, in order to follow this new focus of thin films deposition concentrating 
an possibility studies for generating functionally graded (FG) hard coatings [101]. 
For instance, X-ray diffraction (XRD) of ZrO2 films deposited by PLD show a 
cubic YSZ phase for the deposition temperature 600°C and a disordered cubic 
YSZ phase at lower ones [104]. In addition, as is mentioned before, during PLD of 
Al2O3-ZrO2 composite coatings deposition, the ZrO2 appears as a finely 
dispersed phase in the alumina matrix [104]. For these reasons the Al2O3-ZrO2 
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composite may be very attractive material due to the combination of both the 
zirconia and alumina properties [100,102]. 
 
2.2.2 Alumina 
 
Alumina as one of the most versatile ceramic oxides is used in a wide range of 
applications. It is existing in nature as corundum (alumina-α) in topaz, amethyst, 
and as the precious ruby and sapphire, but the alumina is from the more 
abundant ores such as bauxite, cryolite and clays from which the material is 
commercially extracted and purified.  
 
Alumina is a very interesting crystalline material exhibiting many crystalline 
phases the alpha-alumina or corundum, the kappa and xeta phases are called 
the “alpha series” with hcp stacking of oxygen atoms; whereas the gamma, 
theta, eta, and delta phases form the “gamma series” with fcc stacking of 
oxygen atoms [35]. 
 
Multilayer CVD coatings have been in production since the 70s. The enhanced 
thermodynamic stability of the oxides, as compared to the nitrides or carbides is 
the driving force for the deposition of coatings. CVD alumina coatings that 
contain the hard crystalline alpha and the metastable orthorhombic kappa 
phases are deposited using tungsten carbide as substrates. However, growth of 
α-alumina has, until fairly recently, only been possible at  substrate 
temperatures < 1000°C [35,105]. PVD alumina deposition is studied by several 
authors employing the pulsed reactive magnetron sputtering with the deposition 
of amorphous-alumina, and crystalline alpha- and gamma- alumina of variable 
hardness [35]. 
 
The high free energy of formation makes alumina chemically stable and 
refractory to be used in containment of aggressive and high temperature 
environments. The high hardness of alumina imparts wear and abrasion 
resistance for diverse applications such as wear resistant linings for pipes and 
vessels, pump and faucet seals, thread and wire guides etc.. High purity 
alumina is also used for orthopedic implants particularly in hip replacement 
surgery. The high “hot” hardness of alumina has led to applications as tool tips 
for metal cutting (though for instance alumina matrix composites with even 
higher properties are more common) and abrasives. Alumina is used as milling 
media in a wide range of particle size reduction processes. The high dielectric 
constant coupled with low dielectric losses particularly at high frequencies leads 
to a number of microwave applications including windows for high power 
devices and waveguides. The high resistivity and dielectric strength make 
alumina an excellent electrical insulator which leads to applications in 
electronics as substrates and connectors, and in lower duty applications such as 
insulators for automotive spark plugs [105]. 
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2.2.3 Zirconia 
 
Zirconia and its composites form a special class of ceramic materials due to 
their unique mechanism in transformation toughening, which has attracted a 
significant interest from material research. ZrO2 exhibits four polymorph 
structures: The monoclinic phase stable in the range room temperature to < 
1170/1240°C, the tetragonal one between 1170/1240°C to 2370°C, the cubic 
phase between 2370°C to 2650/2750°C and the orthorhombic phase that is 
obtained only at high pressure. However, these high-temperature phases can be 
stabilized down to room temperature by alloying with other oxides such as Y2O3, 
MgO, CaO, and CeO2.  
 
On the other hand, the ZrO2-stabilized phases offer the production of ZTA 
composites, that provide the necessary phases for a Martensitic transformation 
during crack propagation in the bulk, accompanied by volume dilatation into the 
monoclinic phase giving the microstructure an enhanced fracture toughness 
[16,104]
. This strengthening mechanism makes zirconia an attractive material for 
film coatings preventing mechanical damage. Besides, zirconia has a high 
thermal expansion coefficient (10.2 x 10-6 K-1) which facilitates its adhesion to 
metallic sublayers with low residual stress. Its thermal conductivity is extremely 
small (2.0 W/mK) enabling the use as thermal-barrier coatings. In addition, 
zirconia shows high refractive index, low optical loss, and large optical band gap 
which makes this film very useful, for example, in optical applications such as 
high-reflectively mirrors and interference filters [14,16,39]. 
 
2.2.4 Silicon nitride (Si3N4) 
 
Silicon nitride (Si3N4) exhibits excellent thermomechanical properties such as 
high strength, hardness, and resistance to creep and oxidation at elevated 
temperatures. For these reasons, Si3N4 is regarded as one of the most 
promising materials for high-temperature structural applications. However, wider 
utilization has been limited mainly due to its relatively low fracture toughness 
and reliability [16,106,160]. Nevertheless, silicon nitride and its derivative sialon 
ceramics continue to be subjected worldwide to the sustained attention of 
ceramics research. Although utilizing the excellent thermomechanical properties 
in demanding applications as gas turbines has been not realized yet, 
advancements have led to implementation of silicon nitride materials in cutting 
tools, bearings, turbochargers, engines, valves, and other wear-resistant 
components [107,161]. 
 
In 1999, Zerr and et. al [108] reported the exciting discovery of cubic Si3N4 
synthesized at high temperature (2200 K) and high pressure (15 GPa). This new 
form of Si3N4 has a spinel structure in which nitrogen atoms adopt a cubic, 
closed-packed configuration and silicon atoms occupy interstitial sites in both 
tetrahedral and octahedral coordination in a 1:2 ratio[108]. Recently, after the 
discovery of the third polymorph c-Si3N4 synthesized under high-pressure and 
high-temperature conditions, there has been renewed interest in this field. 
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Preliminary results revealed that it possesses a hardness of about 35.3 GPa, 
significantly greater than the hardness of the two stabilized hexagonal 
polymorphs α-Si3N4 and β-Si3N4 slightly harder than that of the Stishovite, a 
high-pressure phase of SiO2 with a hardness of 33 GPa. Besides, the material is 
stable against oxidation in air up to temperatures of 1673 K. These properties 
make the c-Si3N4 polymorph a promising candidate as an advanced superhard 
material. Such high hardness values obviously suggest that this new form of 
Si3N4 should offer significant advantages in industrial applications where 
hardness and wear resistance are crucial. However, the economic feasibility of 
producing c-Si3N4 and its thermal and pressure metastability must be addressed 
first. Nevertheless, the coatings technology areas are concentrated now in the 
production of this new phase as a coating maintaining its properties as 
superhard material. In this way, different PVD techniques are available which 
have obtained a range of diverse derived silicon nitride materials with a high 
fraction of  the amorphous silicon nitride phase (SiNx).  
 
The amorphous silicon nitride coatings can be used for many purposes in the 
solar cell technology for multicrystalline silicon (mc Si) and thin-film solar cells, 
due to the low thermal loads during deposition, these coatings are also widely 
used in the optical and electronic industry due to its dielectric and mechanical 
properties, the potential of silicon-based heterostructures in soft X-rays 
applications has been already pointed out [109,162].  
 
Deposition of SiNx have been made by planar magnetron sputtering and more 
recently by reactive pulsed laser deposition (SiO2 target in a N2 atmosphere) 
with amorphous structures being obtained. The production of SiNx from a Si3N4 
target by PLD is a new technique for the production of this coating because it 
looks promising to satisfy the requirements of selectivity, performance, and the 
control of layer-by-layer growth for multilayer fabrication. However, it is difficult 
to predict the properties of a film to be grown due to a wide range of deposition 
parameters e.g., laser fluence, substrate temperature, chamber pressure, etc. 
[110]
. 
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Chapter 3 Experimental Set-up 
 
3.1 Plasmas generation 
 
A plasma is a complex gaseous state of matter comprising free radicals, 
electrons, photons, ions, and various neutral species at different energy levels 
[111]
. Plasmas can be produced by thermonuclear reaction, electric arc, 
combustion flames, low pressure gas discharge, laser radiation, and so on. The 
primary role of the plasma is to promote chemical reactions. While the atoms 
and ions may by at background temperature, for example, room temperature (~ 
0.025 eV), the temperature (the kinetic energy) of free electrons in the ionized 
gas can be 10-1000 times higher, thus producing an unusual, chemically 
reactive environment at ambient temperature with the average electron energies 
(1-20 eV) in the plasma being sufficient to ionize and dissociate most type of 
gas molecules. Although electrons are the ionizing source, collisions involving 
excited species can lead to the formation of free radicals assisting the ionization. 
Once ionized, excited gas species may react with the surface of materials in the 
gas glow discharge, resulting in dramatic modifications of the surface and 
enhancing the deposition efficiency, for example, during pulsed laser deposition. 
In addition, high energy UV photons, resulting from recombination and 
relaxation of dissociated species, may be absorbed by the substrate surfaces, 
creating even more active sites. The plasma processes modify only the surface 
of the material leaving the bulk material usually unaffected [111]. 
 
In order to ensure the high quality and the reproducibility of plasma processing 
many parameters must be controlled with care, such as the pressure and the 
flow rate of the reagent gas or gas mixture, the discharge power density, the 
substrate temperature and the electric potential of the workpiece, and so on [111].  
 
Low-pressure plasma is generally produced in the pressure range from 0.1 to 10 
torr, with a continuous gas flow into the chamber and the system to be able to 
maintain this pressure/flow regime. The plasma excitation power generally 
ranges from 50 to 5000 W. The input of the electromagnetic energy can be 
achieved by different coupling methods (inductive or capacitive), using different 
electrode configurations (coil or plates), and frequencies (dc, ac, r.f. to m.f.) [111].  
Most plasma reactors use ac electrical power supplies operating at audio-, 
radio-, or microwave frequencies. Commercial plasma systems usually operate 
at certain fixed frequencies, i.e. the ism frequencies specific for industrial, 
scientific, and medical applications. These frequencies include low frequency 
(50-450 kHz), radio frequency (13.56 or 27.12 MHz), and microwave frequency 
(915 MHz).  Although there has been a gradual shift from r.f. to m.w. in recent 
years, r.f. plasma is widely used because of easy and reliable operation. For r.f. 
plasmas a matching network is necessary for adaptation of the generator output 
to the impedance of the plasma [111,112]. 
 
Most plasma systems are designed for batch operation, which involves loading 
of samples, evacuation, plasma processing, purging to atmospheric pressure, 
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and removal of the samples such as pulsed laser deposition (PLD) (fig. 3-1a) 
[14,73]
. 
 
3.2 Pulsed Laser Deposition (PLD)  
 
PLD is conceptually and experimentally a relatively simple technique. The laser 
radiation is directed at a target located in a vacuum chamber in such a way that 
it generally impacts on the target, that is positioned, for example, at an 
inclination angle of 45° with respect to the normal of a substrate-holder [14,73]. 
The impact of the laser radiation on the target surface results in various 
complicated processes including melting, evaporation, and removal of material, 
with production of a plasma due to excitation and ionization of the species 
ejected from the target by the laser radiation [70,73,114]. All these processes are 
triggered by conversion of the optical energy into thermal, chemical, and 
mechanical energy. The material ejected from the target is deposited on a 
substrate generally positioned on the substrate holder (fig. 3-1b) [70]. 
 
The consecutive processes in PLD are separated in space and time: energy 
coupling to the target material, removal of the material from the target, transfer 
of the target material as vapour and/or plasma to the substrate via the gas 
phase, and the growth of thin films on the substrate. The physics and chemistry 
of the gas phase greatly influence the transfer of the target material and the film 
deposition by interaction with the gaseous particles. At laser fluences, for 
example, above the evaporation threshold the dominant mechanism is 
vaporization; at even higher laser fluences, plasma formation plays the major 
role in governing the material transfer from the target to the substrate [70,115] 
 
High temperatures generated at the target surface cause emission of many 
species from the target. Thermoionic emission of ions and electrons as well as 
neutral atoms and molecules that are removed from the target can be observed 
at these temperatures. Continuous interaction of the radiation field with the 
evaporated material results in dissociation of the molecular species or 
aggregates removed from the target with subsequent generation of single- 
space or multi- charged positive and negative ions. Additional photo-ionization 
of the evaporated material by non-resonant multiphoton processes leads to the 
formation of expanding plasma above the surface of the target. Once formed, 
the plasma absorbs the laser radiation by inelastic free electron scattering, for 
example, inverse Bremsstrahlung, which results in further heating of the plasma 
governing further interaction of the radiation field with the target [115].  
 
In PLD with the supervise of the number of pulses, a fine control of film 
thickness can be achieved. Thus, a fast response in exploiting new material 
systems is a unique feature of PLD among other deposition techniques. The 
most important feature of PLD is that the stoichiometry of the target can be 
retained in the deposited films. The extremely high heating rate of the target 
surface (108 K/s) due to pulsed laser irradiation, leads to the congruent 
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evaporation of compounds from the target irrespective of the sublimation point 
of the target constituent elements [115].  
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Y
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manipulation
 
        (a)                                       (b) 
 
Fig. 3-1: (a) Typical PLD plasma. (b) Schematic of a common PLD system. 
 
 
In spite of the advantages of PLD, some shortcomings have been identified in 
using this deposition technique. One of the major restriction is the particulate 
splashing from the target with a subsequent deposition on the films. The 
physical mechanisms leading to splashing include surface boiling, expulsion of 
the liquid layer by shock wave recoil pressure, and exfoliation. The size of 
particulates may be as large as a few microns. In general, such particulates 
have to be avoided otherwise they greatly affect the growth as well as the 
properties of the films. Another restriction is the narrow angular distribution of 
the species, which are generated by the adiabatic expansion of the laser-
induced plasma. In general some solutions have been proposed, such as the 
inserting a shadow mask to block off the particulate and rotating both target and 
substrate in order to produce uniform films [73,113,115]. 
 
On the other hands, the features previously mentioned limit the use of PLD in 
producing large area thin films [73,163] that PLD has not yet been fully deployed in 
industry. Recently remedial measures, in order to produce a larger uniform film, 
have been developed to minimize these restrictions in PLD, for instance, the 
simultaneous movements of target and substrates (using a robotic/automated/ 
positioning mechanisms) in combination with the use of certain power density 
distribution yielding a special angular distribution of the laser induced vapour-
plasma. In addition, various targets may be used to increase the versatility of 
laser radiation to deposit large area thin films [163].  
 
 
 
 
 
Plasma generated during PLD 
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3.3 Vacuum system 
 
The processing vacuum system consists of a vacuum chamber provided by a 
turbomolecular pump running at base pressures of typically 10-6 mbar. Before 
obtaining the vacuum necessary, the chamber is pre-evacuated by a 
mechanical pump (10-1-1000 mbar). This pump package provides the reaction 
chamber with sufficient pumping capacity to maintain high gas flows and low 
processing pressures required for advanced deposition. The processing 
chamber should remain under vacuum except during maintenance or sample 
loading [70]. 
 
3.4 Radio frequency system  
 
A standard r.f. (13.56 MHz) bias power was applied to the substrate to generate 
a plasma for cleaning, for nitridation, and also for growth of coatings in a hybrid 
system with PLD. In the r.f. plasma the substrates are placed on the r.f.-
powered electrode, thus attaining a negative dc self bias, so that the plasma is 
sustained by applying the negative dc voltage to the substrate electrode, which 
is dependent on the properties of the atmosphere gases used, deposition 
parameters (e.g., power, pressure), and relative area of electrodes[116]. During 
the application of the r.f. power, the film deposition rate depends on the r.f. 
energy, the mole fraction of the reactants, the total pressure, the substrate 
temperature, etc.. 
 
On the other hand, the substrate bias is frequently changed by changing the r.f. 
power W and/or the pressure p in the reactor related to the self-bias of the 
substrate 
2
1






∝
p
WVB in a specific reactor according to Y. Catherine and et. 
al[116]. 
      
The "effect of bias", for example, during the substrate nitridation therefore may 
reflect the combined effects of the plasma and the variations in the active source 
species produced in the plasma by changes in the degree of fragmentation of 
the nitrogen gas species. At high pressures the ions are scattered by collisions 
and reach the substrate with an energy distribution governed by the applied 
bias. The average impact energy E of ions bombarding the growing films in the 
r.f. plasma therefore depends on the dc bias and on the pressure in the reactor, 
according to the relation 
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VE B . The impact energy E in the gas phase 
can be varied by adjusting the substrate bias, the r.f. power, and/or the pressure 
in the reactor [116]. 
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3.5 Coating deposition 
 
Pulsed laser deposition is performed in a UHV chamber employing KrF-excimer 
laser radiation of wavelength λ = 248 nm and pulse length τ = 25 ns that is 
focused on rotating sintered targets (Si3N4, graphite, alumina and/or zirconia). 
The angle of incidence between the target normal and the laser radiation in all 
cases is 45°. O2 and/or N2 (99.999 % purity) were used as processing gases. 
The different processing parameters employed for the PLD thin films are shown 
in Table 3-1.  
 
 
 
Table 3-1: Processing parameters of the films deposited by PLD on different 
substrates 
 
DLC thin films are deposited at room temperature (table 3-1) using 3000 - 
45000 pulses. The processing gas consists of argon for the deposition at low 
processing gas pressures and air for the deposition at high vacuum, 
respectively. 
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SiNx thin films are deposited at room temperature (table 3-1) at 3000 - 5000 
pulses (section 5.3), using a r.f plasma nitriding process of the substrate surface 
and a posterior SiNx coatings deposition by PLD. The nitridation has been 
carried out with a r.f system with the radio frequency bias capacitively coupled to 
the substrate, yielding a r.f. glow discharge at a power of 15-200 W in the 
processing gas with the formation of a negative substrate d.c. bias voltage in the 
range 100-1500 V, resulting altogether in bombardment of the substrate with 
processing gas ions.  
 
CNx thin films are deposited at room temperature (table 3-1). N2 (99.999% 
purity) is used as processing gas. Hybrid radio frequency-pulsed laser 
deposition (r.f.-PLD) is carried out under the same conditions as for the 
nitridation of SiNx. 
 
Alumina-Zirconia composite thin films are deposited at different substrate 
temperatures (600, 700 and 800°C), with an oxygen processing gas pressure, 
using an alumina-zirconia target (table 3-1). The PLD parameters for the 
deposition of the Al2O3-ZrO2 (85:15) composites are selected from the previous 
research on the deposition of Al2O3 and ZrO2 coatings by PLD [14,101,104,144].  
 
All substrates are washed with ethanol and dried with a dry airflow before the 
deposition. 
 
3.6 Substrates  
 
3.6.1 Pre-treatment 
 
One of the most important purposes of pre-treatment is the improvement of the 
adhesion of DLC coatings on diverse substrates. A variety of surface pre-
treatments to achieve a high density that in turn enhances adhesion of diamond 
and/or diamond-like carbon for various substrates have been studied. Generally, 
the substrate is subjected to polishing or scratching with abrasive powder, 
ultrasonic etching, biasing, and various combinations of these techniques. The 
simplest and most commonly used way of improving nucleation is scratching by 
abrasive diamond powder. This pre-treatment modifies the surface, providing 
valleys, sharp edges, and residual diamond powder embedded into the surface. 
The effect of all these modifications is difficult to separate, however, it is evident 
that the embedded abrasive particles serve as preferential locations for growth 
because there is no actual need for another nucleation states in this case[118,119]. 
 
Use of diamond and amorphous carbon coatings to protect against wear and 
corrosion, and to serve as a solid lubricant coating for reduced friction, requires 
their high adhesion. The adhesion forces between the coating and the substrate 
must be sufficiently high that the forces due to residual stresses can be 
neutralized, on this way diamond coatings are found to adhere with materials 
that have a capability of carbide and nitride formation, such as, Si, SiC, Si3N4, 
quartz, and iron alloys[118,119]. On the contrary, almost no adhesion of PECVD 
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deposited amorphous carbon coatings was observed on some materials like Co, 
Cr, Ni, Al2O3 and ZrO2 and their alloys[119,123]. In general, high adhesion of a 
coating can be achieved by increasing the nucleation density, forming a 
compositionally graded junction between the coating and the substrate, and 
applying a thin interlayer [119]. 
 
3.6.2 Passivation  
 
A number of reactive metals, which come into contact with corrosive 
environments, can abruptly turn into an extremely corrosion resistant state due 
to the phenomenon called “passivation”[121]. In passivating, a metal reacts to 
form a layer of corrosion products so thin, invisible, and complete, which acts as 
a barrier slowing down corrosion by several orders of magnitude. This thin 
passivation layer is largely composed of amorphous oxides and hydroxides of 
the metal [123]. The chemical reactants have to reach the surface, reaction has to 
occur and reaction products have to be removed. If the reagent reacts 
vigorously with the surface the concentration of reactants at the surface will be 
low and the surface will be covered with a layer of reaction products through 
which the reactant and the products of reaction have to diffuse, i.e. there is a 
boundary layer on the surface masking the surface. If there are any 
protuberances or irregularities on the surface then the distance for diffusion will 
be less and hence reaction will be more rapid at these sites. 
 
According with R. Haubner and et. al [122], during the H2SO4/H2O2 treatment of 
the Co containing tool steels a thin CoO/CoSO4 film forms [122,123], which prior to 
the diamond deposition by chemical vapor deposition (CVD) has to be reduced 
to Co/CoS, controlling the diamond growth [58]. Previous work reported that the 
Co in the hard metals binder phase could, however, detrimentally influence the 
chemical vapor deposition of diamond. Also the Co vapour pressure and carbon 
solubility are main parameters during surface migration influencing diamond 
nucleation, growth, and coating adhesion [122]. 
 
The passivation is studied in dependence on the chemical concentration of the 
passivate-solution, the time of reaction, and the temperatures of the passivate-
solution, to control the generation of pinholes by the corrosion-passivation 
process. This form of corrosion called “Pitting” [124] represents an extremely 
localized attack, which results in holes on the surface of the metal. Generally a 
pit may be described as a cavity or hole with the surface diameter in the same 
order of magnitude as the depth [121,124]. The term “Pit” is to describe any 
localized corrosion spot that forms a cavity. “Pits” can start from crevice 
corrosion, dezincification, and/or galvanic corrosion of a reactive phase in an 
alloy, failure of a noble metal coating, corrosion by water droplets, erosion-
corrosion, fretting, bacterial corrosion, or even the distinct mechanical pitting[124].  
 
In order to control the generation of the pitting on the surface of substrates by 
corrosion, three different concentrations of 1, 3 and 5% H2SO4 in 35% H2O2 
diluted in distilled water, at solution temperatures of 40, 60, 80°C for three 
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different times of reaction as 3, 5 and 10s were studied. The pitting was 
controlled on the surface of samples with the pinhole production detected only 
for solution concentrations > 3% H2SO4, at temperatures > 60°C, and reaction 
times > 5s of solution-exposed metal.  
 
 
3.6.3 Tool steels  
 
Although metals have been used and optimized for more than 3000 years 
advances in metal science have generally relied on developing relationships 
between structure and properties. It is, however, far from trivial to characterize 
the structure in sufficient detail to understand the fundamentals of its evolution 
[120]
. 
 
The chemical composition of the two high speed tool steels employed as 
substrates is given in table 3-2. High speed tool steels are highly alloyed steels 
with strong carbide forming elements such as Cr, V, W and Mo, which may 
contain more than 30 vol.-% carbides embedded in a martensitic matrix [12]. The 
steels are applied in forging- and cutting tools exposed to alternating mechanical 
loads and/or changing thermal conditions. To optimize the performance of a tool 
steel it is important to consider the microstructure and particularly the type, size, 
and distribution of carbides. Depending on the heat treatment, different amounts 
of primary and secondary carbides as well as retained austenite is present, with 
each of these phases having strong influence on their mechanical properties 
[120]
.  
 
 
 
 
Table 3-2: Chemical composition of the tool steels used as substrates during 
PLD 
 
Most commercial tool steels (table 3-2) contain typical alloying elements such as 
tungsten, molybdenum, chromium, and vanadium, which are all strong carbide-
forming elements. Carbides in the hardened and tempered condition contribute 
to the desired properties of the steel depending on their composition, 
morphology, and distribution. Primary carbides, which are present in the steel 
matrix as delivered, which do not dissolve during heat treatment, are 
distinguished from secondary carbides, which form during tempering. The 
primary carbides provide resistances to abrasive wear, whereas the secondary 
carbides improve the hardness. In all these steels, an isotropic distribution of 
spherical shaped carbides are normally found with two different types identified: 
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MC-type V8C7 and M6C-type (Fe, Mo, Cr, W)6C. The presence of secondary 
carbides of a few manometers in size is expected [120]. 
 
 
3.6.4 Tungsten carbide (WC-10%Co)  
 
The adhesion improvement of diamond-like carbon coatings on WC-10%Co 
substrates is achieved by substrate surface pre-treatment as follows:  
 
• The samples are polished with a diamond disk and washed in ultra-sonic 
with ethanol for 5 min before the passivation-corrosion treatment employed 
for all the substrates. 
 
• The passivation is to grow an amorphous CoO/CoSO4 film from the cobalt 
content in the matrix using a H2SO4/H2O2 solution (8% H2SO4 in 54% 
H2O2). The solution temperature is 80°C, and the time about 5 min. The 
samples were washed in ultra-sonic with ethanol for 5 min.  
 
• Removal of the amorphous CoO/CoSO4 passivation layer from the surface 
by a treatment in r.f. argon plasma, which eliminates the undesirable Co 
superficials that slow the DLC growth process and reduce the nucleation 
density [125]. Many references recommended the use of a carbide substrate 
with low Co content or to etch Co out completely from the surfaces, 
otherwise, the coatings do not stick to the tools surface [119,125] during the 
deposition. 
 
• The deposition of DLC coatings is carried out using the duplex process of 
nitridation and deposition of a SiNx buffer layer, under the same condition to 
obtain the harder and adherent DLC coatings employed for the cases of the 
tool steels. The laser fluence of 3.5 J/cm2, repetition rate of 10 Hz, number 
of pulses 45000, and air processing gas pressure of 1x10-5 mbar are used. 
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Chapter 4 Characterization techniques 
 
4.1 Ellipsometry - Refractive index  
 
The refractive index of SiNx thin films is determined ex-situ by ellipsometry[14,73], 
fitting calculated  ψ-∆ values to line-scan data across the thickness of the films, 
where ψ gives information on the reflection and the phase shift of parallel and 
perpendicular polarization light incidenting onto the surface of the films.  
 
With the help of an optical model for the multi-layer system [75] the complex 
refractive index and the thickness of the film as function of time can be derived 
from the Ψ and ∆  values recorded during deposition (appendix 1) 
 
 
4.2 Raman Spectroscopy – Chemical bonding characterization  
 
The structural characterization of DLC films complicated by their amorphous 
nature is characterized by Raman spectroscopy [70] to determinate the chemical 
composition (sp2- sp3- bonded carbon) of the DLC grown films. The excitation is 
performed by Ar+ laser radiation (λ = 488nm), the spectra are recorded in back 
scattering geometry using an optical microscopy, leading to a spatial resolution 
of about 1µm. The Raman spectra were fitted by a Breit-Wigner-Fano (BWF) 
factor, 
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using a linear background and an additional Lorentzian function (LF), 
corresponding to the D-band of amorphous carbon. The background intensity I0, 
the background slope a, BWF intensity IG, the BWF position wG, the BWF width 
ΓG, the BWF coupling coefficient Q, the LF intensity ID, the LF width ΓD, and the 
LF position wD were used as fit parameters. The coupling coefficient Q is 
negative and a measure for the symmetry of the peak measured. Low values of 
Q correspond to a nearly symmetric BWF lineshape, whereas high values of Q 
lead to an asymmetrical broadening to lower wavenumbers. Q is very sensitive 
to the sp3-fraction in the DLC films, especially for high sp3-fractions. It has been 
calibrated by EELS allowing a quantitative determination of the sp3-content in 
DLC films by Raman spectroscopy (appendix 1) [70,73]. 
 
 
4.3 Scratch adhesion test [35,60] - Adhesion 
 
In any coating application, the minimum requirement for the acceptable 
performance of a coated component must be a sufficient level of 
coating/substrate adhesion using the scratch test with a stylus drawn over the 
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sample surface, under a stepwise or continuously increasing normal force until 
the coating detaches. In practice, the film is seldom removed entirely. So it is 
convenient to define a critical load (related to coating adhesion) at which the 
coating is removed in a regular way along the whole channel length. A range of 
failure modes has be considered, such as the “kidney-shaped” failures in the 
track, which arise due to detachment ahead of the moving indenter, often 
associated with chipping along the sides of the scratch track [35,60] 
 
 
4.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) [128,161] - Coating crystalline phase and chemical 
composition 
 
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDS) are used for the chemical and structural characterization of the diverse 
coatings [161]. 
 
 
4.5 Nano-indentation [129] - Hardness and Young's modulus 
 
The mechanical properties of the DLC coatings are investigated by nano-
indentation. For all the DLC coatings, three measurements of ten indentations 
on different surface locations were carried out in order to derive the hardness 
and the Young's modulus as a function of the deposition parameters via 
computation. 
 
 
4.6 X-ray photoelectron spectroscopy (XPS)[75] - Chemical bonding  
 
X-ray photoelectron spectroscopy (XPS) with a maximum sampling depth of 
about 20 nm is used to derive the chemical environment of the atoms within the 
DLC films and their bonding structure. 
 
 
4.7 Optical emission spectroscopy (OES)[75] - Plasma analysis 
 
The light emission from the plasma is recorded by optical emission 
spectroscopy (OES) in combination with high-speed photography using a ICCD 
camera in order to investigate the emitted species during PLD at different axial 
and radial position of the plasma plume during expansion. 
 
 
4.8 X-ray diffraction (XRD) [131] - Crystalline microstructure characterization 
 
From X-ray diffraction the microstructure of the films as SiNx and specifically of 
the composite Al2O3-ZrO2 coating are derived and correlated to the PLD 
deposition processing variables. 
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Chapter 5 Silicon Nitride (SiNx) coatings 
 
5.1 Deposition and characterization 
 
Different deposition techniques as jet vapor deposition (JVD)[135], planar 
magnetron sputerring[136]; catalysed CVD[137], and more recently reactive PLD 
(SiO2 target in N2-atmosphere) [109,110,138] have been employed to produce Si3N4 
coatings, but only amorphous phases have been realized. PLD arises as the 
suitable technique to grow SiNx films due to precise manipulation of the 
deposition parameters. The removal of particles from Si3N4 targets by laser 
radiation in vacuum has been already reported by E. Fogarassy and et. al [139] 
giving evidence for non-stoichiometric films.  
 
The deposition of coatings is performed by a two-stage processing technique 
including nitridation of the substrate by nitrogen ion bombardment using a r.f.-
discharge followed by deposition via PLD.  
 
 
5.2 Plasma analysis 
 
On the way to describe the correlation between the plasma chemistry and the 
film deposition the first step will be the plasma characterization. Both types of 
plasma used (i.e. nitrogen r.f plasma and the Si3N4 PLD plasma) are described. 
The knowledge gained for the different plasma chemistry is the basis for the 
discussion on the plasma-induced nitridation and deposition to be presented. 
 
The substrate bias during the nitridation is varied by adjusting the r.f. power 
and/or the pressure in the deposition chamber [116]. Varying the substrate bias 
by changing the r.f. power affects not only the processes occurring on the 
substrate surface but also in the fragmentation of the plasma (fig. 5-1). It is 
possible to determine the excited species in the two different plasmas 
separately and within the combined r.f.-PLD hybrid plasma. 
 
The optical spectra (fig. 5-1) show the excited species within the different 
excited plasmas. An increase in the self-bias VB of the substrate during the 
nitridation treatment produces damage on the metallic surfaces by impact of the 
excited plasma particles onto the surface. In r.f. nitrogen plasma, particles such 
as the neutral nitrogen atoms and its ions have been identified in agreement 
with the results from M. Jelínek and et. al [134] reporting an increase in the 
number of these species with increasing r.f. power and a reduction in the overall 
number of these species with decreasing N2 processing gas pressure.  
 
In optical emission of the Si3N4 PLD plasma, studied at 2.8x10-2 mbar N2 
processing gas pressure at a 3 J/cm2 laser fluence, the species such as neutral 
silicon atoms and silicon ions, and also the neutral nitrogen atoms and nitrogen 
ions are identified [116,109,110]. 
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The introduction of nitrogen gas during the removal enhances the nitrogen 
content in the films. As the gas pressure is raised, the probability of collisions 
between the removed species and the gas molecules becomes larger. It is to be 
expected that the content of nitrogen in the films is increased because there are 
more neutral nitrogen atoms and single-charged ions being chemisorbed 
introducing subsequently more surface reactions with Si and Si+ generation as 
well.  
 
 
 
Fig. 5-1: Optical emission spectra from nitrogen r.f. plasma (below), Si3N4 PLD plasma 
(middle) and r.f.- PLD hybrid plasma (above). 
 
In the case of the PLD plasma, the removed species from the target transfer in 
the plume energy to N2 molecules and N2+ molecular ions, gaining kinetic energy 
up to a few eV due to multiple elastic collisions [109]. The high kinetic energy of 
plume constituents enhances the surface mobility of particles and the chemical 
activity between Si and N. Surface reactions are strongly enhanced in presence 
of highly reactive atomic and ionic species, forming the Si–N bonding. The 
kinetic energies of N2 and N2+ are greater than 75 eV, that the atoms may be 
incorporated in the film as interstitials [109,110,140]. The mechanisms of the Si–N 
and C–N bonding are still under investigation [110,140]. 
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5.3 SiNx coating properties 
 
The silicon nitride films are deposited under parameters shown in table 3-1. The 
delamination formed in the SiNx coatings deposited on smooth glass (fig. 5-2a) 
noticed for all PLD deposition parameters using for this coating, probably are 
resulting from large compressive stresses in the SiNx films yielding in low 
adherence at the substrate, which is represented by ripples induced 
delamination (fig. 5-2b). This form of delamination has also been observed in 
other systems deposited by PLD, as Al2O3 coating on PMMA when the 
thickness of the films exceeds 500 nm [117]. Nevertheless, SiNx shows high 
adherence to Si/SiO2 substrates resulting in homogeneous, smooth and 
adherent SiNx coatings (fig. 5-2c) without any presence of defects such as 
droplets or ripples delamination are obtained.  
 
 
 
     (a)                    (b)                                     (c) 
 
Fig. 5-2: Optical micrographs of the SiNx coatings deposited by PLD laser fluence 3 J/cm2, 
repetition rate 20 Hz, number of pulses 4000, N2 processing gas pressure 2.8x10-2 mbar, 
target-substrate-distance 3-4 cm. (a) Total delamination of the coating deposited on glass. 
(b) Magnification from (a). (c) Homogeneous, smooth and adherent SiNx coating on 
Si/SiO2 substrate. 
 
 
The cross section of the SiNx coatings deposited on Si/SiO2 substrates (fig. 5-3) 
shows a columnar growth. The columns have an inclination angle of 45° to the 
substrate resulting from the deposition geometry (section 3.2) between the 
target and the substrate during PLD.  
 
EDS (fig. 5-3) reveals the presence of silicon, oxygen, and nitrogen as coating 
elements. Both the other peaks from carbon and silver are coating employed 
during the SEM and EDS analysis in order to eliminate the electrical current 
onto the surface of the ceramics samples from the electron source. The 
microstructure of the SiNx coating (deposition parameters in table 3-1) analysed 
by XRD exhibits no evidence of any crystalline phase in the films for the 
deposition parameters under investigation, indicating that the SiNx coatings are 
in an amorphous state. 
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Fig. 5-3: SEM of the cross-section and EDS spectrum of an amorphous SiNx coating on 
Si/SiO2 substrate (PLD laser fluence 3 J/cm2, repetition rate 20 Hz, number of pulses 
3000, N2 processing gas pressure 1x10-2 mbar, target-substrate-distance 3-4 cm).  
 
Si3N4/Si films grown using various deposition techniques have very low 
absorption in the 120-250 Å range, high thermal stability, and chemical inertness 
[109,110]
.
 The amorphous SiNx coatings have a great potential such as silicon-
based heterostructures in soft X-rays applications as already pointed out [109]. 
Others possible applications are according with its mechanical and chemical 
properties, because stoichiometric Si3N4 and non-stoichiometric silicon nitride 
films are chemically inert, structurally robust, and thermally stable [109,110].  
 
After the deposition of SiNx thin films on silicon wafers at different nitrogen 
processing gas pressures for two different laser fluences, its refractive index (fig. 
5-4) is measured by ellipsometry. With increasing N2 processing gas pressure 
the refractive index of SiNx films decreases from 1.95 to 1.70 (at 3 J/cm2 laser 
fluence) and from 1.90 to 1.60 (at 2 J/cm2 laser fluence). This is attributed to the 
reduction in the kinetic energy of the particles associated to the reduction of the 
plume expansion with increasing N2 processing gas pressure. The introduction 
of nitrogen gas during the ablation might be a means to increase the nitrogen 
content in the films, as is done in CVD for instance [109,110,116,140,161]. As the 
nitrogen pressure is raised, the collisions between the plume species and the 
gas molecules become more probable. The particles in the plasma produced by 
PLD are scattered, and finally thermalized changing important film growth 
parameters due to collisions with the background gas releasing, however 
enough energy to the particles for an effective chemical activity between Si and 
N in the production of Si-N bondings [140]. 
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Fig. 5-4: Refractive index of the SiNx coating vs. N2 processing gas pressure. 
 
The decrease in the laser fluence reduces the energy of the laser-ablated 
particles with a directly influence on the transfer of energy to species in the 
plasma for the production of Si-N chemical bonding required for the formation of 
the SiNx films. Moreover, the application of the SiNx coatings as buffer layer 
systems to improve the adherence of DLC coatings on diverse substrates is 
investigated. Nevertheless, the optical properties of SiNx coatings will be 
reported and discussed elsewhere [141]. 
 
5.4 SiNx buffer layer for DLC hard coatings 
 
To improve the adhesion of DLC coatings on diverse substrates a variety of 
surface pretreatments has been investigated to achieve a high nucleation 
density which in turn may enhance the adhesion of the DLC films. The key 
requirement to obtain the desired superficial coating properties is a reasonable 
adhesion between the coatings and the substrates. The DLC coatings deposited 
directly on tool steel show a very high delamination during the scratch testing, 
starting after a few minutes with catastrophic exfoliation of the remaining coating 
from the substrate with a complete separation-delamination (fig. 5-5a). 
 
For adhesion of hard coatings with high internal stress on different substrates 
various stress-relaxation mechanisms are proposed, for instance by the use of 
multilayers or bilayers in the nm thickness range, the stress at interfaces can be 
reduced significantly. On this way, a CNx buffer layer between the DLC films and 
the tool steel substrates is used to improve the adhesion of the hard DLC 
coatings and is evaluated by scratch tests. The results show that the DLC 
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coating is removed for all the loading of the scratch testing (fig. 5-5b) noticed the 
substrate surface for all the scratch marks. Although, the buckling-delamination 
from the DLC coatings doesn’t expand over the whole surface without a 
complete exfoliation of the DLC coating. Unfortunately, it is indicating that the 
few nm thickness of CNx coatings produced as buffer layer under the same 
condition employed by T. Klotzbücher and et. al [70] by hybrid r.f-PLD does 
nearly not improve the adhesion of the DLC coatings to the tool steel substrates.  
 
 
      
            
Fig. 5-5: DLC coatings deposited by PLD at 3.5 J/cm2; 1x10-5 mbar (air); 10 Hz; 15000 
pulses. (a) SEM from DLC coating on passivated 1.3207 tool steel (b) Optical micrograhs 
of the scratches of the DLC coating on 1.3207 tool steel with a CNx buffer layer produced 
by r.f.-PLD hybrid deposition (PLD laser fluence 3.5 J/cm2, repetition rate 10 Hz, number 
of pulses 4000, N2 processing gas pressure 2x10-2 mbar, target-substrate-distance 3-5 
cm. r.f.: 0.3 A; 15-200 W; 100-1500 V). 
 
The mechanical scratch testing on the DLC/CNx system on 1.3207 steel 
substrates (fig. 5-5b) shows only a delamination around the scratches without 
catastrophic exfoliation of the remaining coating as occurs for the DLC on 
1.3207 tool steel samples without buffer layers (fig. 5-5a). This advance in the 
adherence of hard coatings by PLD indicates a new way in the use of ceramic 
interlayers such as the SiNx coating (fig. 5-6) ensuring that the stress is 
introduced into the film gradually.  
 
To promote the adhesion of hard coatings produced by PLD a multilayer buffer 
layer (fig. 5-6) is proposed. The procedure is applied in a semi-continuous 
deposition of interlayers, with a first step of substrate nitridation, which is 
capable to produce a primary nitrogen bonding introduced onto the substrate 
surface with the subsequent continuous PLD deposition of SiNx buffer layer that 
will react with the carbon species from the DLC coating. In practice, the 
adhesion strength obtained on this way has been tested satisfactorily (section 
6.4). 
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Fig. 5-6: Scheme of processing to grow adherent DLC coatings on tool steels and WC-
10%Co substrates employing the “duplex treatment” [nitridation and PLD of coatings]. 
 
 
This method, that use the growth of SiNx buffer layer at low temperature 
combined with the nitridation of the metallic substrates represents an 
improvement in adhesion of DLC coatings on different substrates. The 
processing steps necessary are as follows:  
 
Step 1. Argon r.f. plasma cleaning 
 
The coating adhesion is influenced by the contamination of substrate surfaces. 
The surface preparation (cut and mechanical polishing) can originate, for 
example, in oxides of larger thickness that require the cleaning of the substrate 
surface by ion bombardment. As first step during the use of a r.f. biased argon 
plasma provides the surface substrate cleaning. 
 
Step 2. Nitridation of the substrate surface and SiNx coating deposition by PLD 
 
Nitridation is typically carried out by exposure of substrates to NH3(g) in 
metalorganic chemical vapor deposition (MOCVD), gas source molecular beam 
epitaxy (GSMBE), or actived nitrogen plasma in molecular beam epitaxy (MBE) 
[142]
. The nitrogen plasmas find their use in a variety of industrial applications. 
They are not only being employed in the synthesis of CNx [70,75,142], but also in 
the nitridization e.g. of steel and titanium. Moreover, in the last few years, the 
kinetic modeling of nitrogen discharges has provided more detailed insight in the 
underlying plasma processes.  
 
A novel procedure is employed to improve the adherence of hard films. The 
combination of the thermochemical treatment (for instance nitridation) and PLD 
of thin ceramic coatings is the new emergent technology called the “duplex 
treatment” [143] or “duplex process” [144] combining the two techniques: plasma 
nitridation and PLD of coatings [145,146,147]. The nitriding by radio frequency 
plasma grants an increase of the reactivity of tool steel surfaces as the 
deposition of the SiNx ceramic buffer layer on the tungsten carbide (WC-
10%Co). So, the plasma nitridation activates the substrate surfaces by a 
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nitrogen thin layer and supplies improvements in the adherence of hard coatings 
on substrates with high plastic deformation as the tool steels.  
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Fig. 5-7: Weight changes versus time of nitridation by nitrogen r.f. plasma. 
 
The r.f.-induced bias voltage on the substrate is used to study the effect of the 
nitridation plasma on the passivated tool steels and WC-10%Co substrates to 
improve the adherence of the DLC coatings. A standard r.f. (13.56 MHz) 
technique is applied to provide electrical power to the substrate during the 
application of the nitrogen plasma using a processing time between 0 -5 min in a 
N2 processing gas at a pressure of 2.8x10-2 mbar. The weight change of the 
samples is measured (fig. 5-7) indicates an increase in weight of all the samples 
as increasing the nitridation time for all the processing parameters applied. On 
the other hand, the metallic surfaces show damage during heating for 5 min by 
the plasma applied due to the large ion bombardment time. The adherence of 
the SiNx layer to the nitridation layer on the samples can be explained by 
assuming that growth takes place through the interaction between the surface 
and the physisorbed layer of nitrogen.  
 
Step 3. SiNx buffer layer deposition 
 
After the nitridation at the same N2 processing gas pressure, the PLD plasma is 
activated immediately in the chamber for the deposition of SiNx coatings with the 
deposition parameters shown in table 3-1. 
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Step 4. Interaction between SiNx buffer layer and the DLC coating 
 
After the SiNx buffer layer deposition, the vacuum chamber must be opened to 
exchange the Si3N4 target by the graphite target and a superficial contamination 
by oxygen and OH- arising from residual water vapour and/or SiNx films 
oxidation before the deposition of DLC coatings is started. The oxidation of the 
SiNx films can be attributed to the air exposure during the target exchange, 
according with G. Soto et. al [109,110,140]. Therefore, a new r.f. N2 plasma cleaning 
step is used by bombardment for 30s of the SiNx layer surface at the same N2 
processing gas pressure of 2.8x10-2 mbar. It is speculated that the SiNx film 
surface is actived again by the plasma treatment. 
 
On this way, the SiNx films can react with the excited carbon species probably to 
produce a thin amorphous film that will include chemical bonds of C-N, Si-C, 
and Si-N. Silicon carbide SiC is known already as an interfacial phase between 
silicon and deposited carbon of diamond grown by CVD [148] or diamond like 
carbon (DLC) by ion beam bombardment [149]. It has been suggested that SiC 
plays a role for the relaxation of the stress [150] within the first carbon layers 
deposited on the SiNx ceramic. In the same context, SiC is supposed to play the 
same role at the interface between the diamond like carbon (DLC) and the 
amorphous silicon nitride (SiNx) buffer layer. Similar results are reported by D. 
Y. Lee et. al [133] for an interfacial amorphous SiC layer between a Si-substrate 
and a deposited CNx layer (appendix 6). 
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Chapter 6 Diamond-like carbon (DLC) coatings 
 
6.1 Deposition 
 
The deposition parameters of DLC coatings by PLD are given in section 3.5 
Different substrates such as polymethylmethacrylate (PMMA), tool steels 
(1.3202 and 1.3207) and tungsten carbide (WC-10%Co) are used. The 
processing steps for deposition of DLC coatings is as follows  
 
1. Polishing by diamond disk grinding  
2. Chemical passivation 
3. r.f. argon plasma cleaning  
4. r.f. plasma nitridation  
5. PLD of SiNx buffer layer in N2 atmosphere 
6. PLD of DLC films  
 
with an extended characterization of the procedure described in section 5.4. 
 
6.2 Polishing and chemical passivation of tool steels 
 
Optical microscopy is used to understand the influence of carbide particles in 
the matrix of the tool steel substrates via its structural characterization (fig. 6-1). 
During the polishing of tool steels surface damage is detected by the grinding 
papers constituting of abrasive particles with the same hardness as the carbides 
within the steels.  
 
 
       
 
         (a)                                                            (b) 
 
Fig. 6-1: (a) Optical micrograhs of the polished surface (tool steel 1.3207) with a diamond 
grinding disk (10µm) without passivation. (b) Polished surface (1.3202 tool steel) with 
grinding paper and passivated by 3% H2SO4 in 35% H2O2 solution (80°C, 5s). The surface 
shows an increase in pinholes and subsequent pitting corrosion. The SEM picture shows a 
DLC coating deposited on this irregular surface (PLD laser fluence 3,3 J/cm2, repetition 
rate 10 Hz, number of pulses 6000, air processing gas pressure 1x10-5 mbar, target-
substrate-distance 4-5 cm).  
Diamond-like carbon (DLC) coatings 
100µm 3µm 50µm 
  
44 
 
A specific polishing procedure of the tool steels with diamond particles disks (10 
µm diamond particles size) and a diamond-past of 1 µm particles size is used. A 
roughness reduction and decrease of the superficial damage such as the 
pinholes from the conventional polishing (grinding paper) are obtained. The final 
surface (fig. 6-1a) shows a homogenous and smooth surface with total by cut-
polished carbide particles.  
 
No adhesion of the DLC thin films on the polished tool steels, due to the 
influence of cobalt from the metallic matrix is noticed. In this way, the tool steels 
are treated by chemical passivation (section 3.6.2). Unfortunately, large reaction 
time and the high temperature of the chemical process increase the number of 
pinholes on the metallic surfaces producing damage (fig. 6-1b). The pinholes 
appear on the DLC coating surface (fig. 6-1b - SEM) because the small 
thickness (600 nm) of the film deposited by PLD yield in an exact replication of 
the surfaces on which the coating is deposited.  
 
In order to control the generation of pinholes by the passivation, the influence of 
the chemical concentration in the passivate-solution, the time of reaction and the 
exposing temperatures of the metallic samples has been studied (section 3.6.2). 
For both the tool steels the adapted conditions are a concentration of 1% H2SO4 
in 35% H2O2, a temperature of 40°C, and a time of reaction of 3s providing a 
passivated surface without any kind of damage.  
 
6.3 Radio frequency argon-plasma cleaning 
 
R.f. plasma (13.56 MHz) and a bias voltage to the substrate are used to study 
argon plasma cleaning on cobalt passivated layers on the tool steels 1.3202, 
1.3207, and the WC-10%Co. A current of 0.5 A, an interacting time up to 10 
min, and an argon processing gas pressure of 4x10-2 mbar are used to remove 
the passivating layer of CoO/CoSO4 and the contamination by oxygen and OH- 
arising from the residual water vapour. After argon plasma cleaning, the 
samples are analyzed for Co and Fe composition profile analysis using EDS.  
 
During the plasma cleaning of the tool steel surfaces the cobalt concentration in 
the sample surfaces [129] decreases (fig. 6-2), as for the other substrates, giving 
evidence for the reduction of the CoO/CoSO4 passivating layer on the substrate 
surfaces.  
 
The Co-passivated layers on the surface disappear completely at a treatment 
time of 10 min resulting finally in an equilibrium with the cobalt concentration in 
the matrix of the substrate (fig. 6-2) in agreement with the EDS calibration for 
the standard amount of cobalt in the matrix.  
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Fig. 6-2: Change in the concentration cobalt/iron on the surface of tool steel 1.3207 during 
r.f. argon plasma cleaning. 
 
Thus, plasma cleaning is applied to all the substrates with high cobalt 
concentration in the surface before the DLC deposition. The substrates are 
cooled in vacuum in the chamber for 10 - 20 min before the deposition. 
 
6.4 Properties of diamond-like carbon (DLC) 
 
6.4.1 Substrate preparation 
 
T. Klotzbücher et. al [70] reported on the deposition parameters such as 
substrate temperature, laser fluence, pressure, type of processing gas, and the 
laser repetition rate for the production of DLC coatings by PLD on silicon 
substrates. These parameters are adapted completely to the investigation.  
 
With the polish, the chemical passivation, and the r.f. argon-plasma cleaning the 
nucleation and the growth of the DLC coatings on the pre-treated substrates has 
been performed, including investigations on the carbide particles resulting from 
the polish.  
 
The 1.3202 steel surfaces exhibit superficial carbide particles after the polish 
(fig. 6-3a). It is known (section 3.6.3) that the elements such as Cr, V, W, and 
Mo react with carbon of the steels transforming into carbides particles with the 
increasing of the mechanical properties. Two types of carbides have been 
reported in the investigated steels: a M6C type (M = Fe, W, Mo, Cr) and a V8C7 
type [118]. On the other hand, these carbide particles on the surface might be 
covered by a DLC film 600 nm in thickness, thus contributing to the reduction of 
superficial defects in the coating (fig. 6-3b).  
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        (a)                        (b) 
 
Fig. 6-3: (a) Tool steel 1.3202 surface polished by diamond grinding (10 µm) and 
passivated showing cut carbide particles on the surface. (b) DLC coating deposited on the 
tool steel 1.3202 (PLD laser fluence 3,3 J/cm2, repetition rate 10 Hz, number of pulses 
6000, air processing gas pressure 10-5 mbar, target-substrate-distance 4-5 cm. Argon 
cleaning: r.f. 0.5 A, 10 min, pressure of 4x10-2 mbar). 
 
6.4.2 Raman spectroscopy and X-ray photoelectron spectroscopy (XPS)  
 
The Raman spectra show the unusual G- and D- peaks of varying intensity, 
spectral position, and width, especially for nanocrystalline and amorphous 
carbons up to those without widespread graphitic ordering. The key property of 
interest in DLC is the sp3 content, which is usually measured by the time-
consuming and destructive methods such as nuclear magnetic resonance 
(NMR) or electron-energy-loss spectroscopy (EELS). Raman scattering as a 
non-destructive method is used to probe the sp2/sp3 fraction in DLC [130,131].  
 
The number of sp3-bonds in the DLC coating changes with the deposition 
parameters of PLD as reported T. Klotzbücher et. al [70]. In this work, the 
purpose is on the correlation of the deposition parameter (fig. 6-4) to the 
mechanical properties and the adherence of the DLC coatings. 
 
The Raman spectra of the films deposited on tool steels (fig. 6-4) indicate that 
the intensity of the G-band decreases and the D-band appears with increasing 
air processing gas pressure during the PLD. For all the samples deposited at 10-
5
 mbar, the spectra are identical with the G-band at 1594.5 cm-1 [121] and no 
evidence for the D-band. By increasing the processing gas pressure to 10-4 
mbar the films show the two usual features for sp2-bonded carbon, the G-peak 
around 1560 cm-1 and the D-band around 1360 cm1, attributed to a disorder-
activated mode of sp2-bonds [121]. This is reasonable, since during PLD the 
kinetic energy of the film-forming particles is drastically reduced with increasing 
processing gas pressure [70], so that no sufficient kinetic energy and momentum 
are available for the formation of sp3-bonds in thermal spikes or by 
subplantation effects [121].  
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The energy distribution of the particles depends on the processing gas pressure 
during deposition, for example, the operation at high pressures reduces the 
average energy of species impinging onto the growing surface. At sufficiently 
low processing gas pressure the hard wear-resistant films can be obtained at 
laser fluences higher than 2.7 J/cm2 due to the high kinetic energy of the film - 
forming particles. 
 
  
 
Fig. 6-4: Raman spectra from DLC deposited after different surface treatment on tool 
steels (PLD laser fluence 3,3 J/cm2, repetition rate of 10 Hz, number of pulses 6000, air 
processing gas pressure, target-substrate-distance 4-5 cm). (a) 1.3202 and 1.3207 steel 
polished, p = 10-4 mbar; (b) 1.3202 and 1.3207 steel passivated, p = 10-4 mbar; (c) 1.3202 
steel passivated, p = 10-5 mbar; (d) 1.3207 steel passivated, p = 10-5 mbar. 
 
 
The amount of sp3-bonds in the films is about 60% as determined from the 
Raman spectra by the position of the G-band, directly influencing their 
mechanical properties with the increase of the hardness and Young's modulus, 
directly proportional to the increasing amount of sp3-bonds [70,121].   
 
For all the tool steels polished without any pre-treatment, only the graphite 
phase is obtained (fig. 6-5), which results from the higher concentration of cobalt 
in the surface, suppressing the nucleation of sp3-bonds in the DLC coatings. 
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Fig. 6-5: XPS spectra from DLC deposited on tool steels and PMMA with surface grinding 
(PLD laser fluence 3,3 J/cm2, repetition rate 10 Hz, number of pulses 6000, air processing 
gas pressure, target-substrate-distance 4-5 cm). Both polished steels show the identical 
graphite spectra at p = 10-4 mbar. PMMA, 1.3207 and 1.3202 passivated steel show the 
DLC spectra at p = 10-5 mbar. 
 
 
The XPS spectra (fig. 6-5) deposited on tool steels and PMMA are compared 
with previously reported ones for DLC coatings. P0 corresponds to the C1s line 
with the loss peaks P1, P2, and P3 referenced to P0. For the graphite sample, a 
P1 at about 7 eV is characteristic for pi-type plasmon losses, while a P3 at 28 eV 
arises due to bulk plasmon losses. Diamond does not have pi-type electrons and 
hence doesn’t exhibit the peak P1. Data from pure diamond report an intense 
loss peak P3 about 34 ± 4 eV with the maximum of this bulk plasmon loss P3 
centred at 33 eV for the DLC coatings. The loss peak P2 around 12 eV was not 
assigned for ion beam deposited diamond-like carbon films and is also not 
present on the DLC deposited by PLD or in pure diamond [121]. 
 
6.4.3 Optical and scanning electron microscopy (SEM) 
 
Two different pre-treatments have been used to increase the adhesion of DLC 
coatings on Polymethylmethacrylate (PMMA): either the deposition of a Ti-buffer 
layer by DC sputtering or the mechanical modification by grinding (paper 1200). 
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The typical delamination forms of DLC coatings (fig. 6-6a) indicate that a 
titanium layer with a few nanometer in thickness does not change the adherence 
significantly. Large compressive stresses and low adherence of the DLC 
coatings cause the delamination. SEM (fig. 6-6b) from DLC coatings on PMMA 
shows a surface with a homogeneous distribution of scratches with the 
possibility to use this morphology to improve the adherence and to prevent the 
delamination of the DLC coatings. However, SEM shows the inhomogeneous 
surface morphology of the DLC coatings deposited in combination with some 
microcracks in the DLC coatings.  
 
     (a)             (b)               (c) 
 
Fig. 6-6: Surface of DLC deposited by PLD on PMMA and tool steels (PLD laser fluence 
3,3 J/cm2, repetition rate 10 Hz, number of pulses 6000, air processing gas pressure 10-5 
mbar, target-substrate-distance 4-5 cm). (a) Optical microscopy of the DLC surface on 
PMMA with a Ti-buffer layer, (b) SEM of the DLC surface on PMMA with grinding 
modification. (c) SEM of DLC film on passivated tool steel 1.3207. 
 
 
For the cases of the nucleation and growth of DLC coatings on metallic 
surfaces, the same delamination form is observed (fig. 6-6c), when the DLC 
coating thickness is higher than 1 µm on the passivated tool steels. Buckling 
also occurred in pure DLC films. Usually, buckling would not spread over the 
whole surface but starts from edges of the specimen. The bright contrast of the 
sinusoidal wrinkles corresponds to the ridges of the buckling. The pure DLC 
films exhibit a very large internal compressive stresses [160].  
 
On the other hand, the deposition rate of DLC increases with increasing 
repetition rate up to 10 Hz because the number of ions during bombardment of 
the surface increases, but for higher repetition rates only DLC coatings with poor 
mechanical properties are obtained, in agreement with the results of T. 
Klotzbücher and et. al [70], reporting a low amount of sp3-bonded carbon for 
coatings deposited at repetition rates > 10 Hz. 
 
 
6.4.4 Mechanical testing and adherence evaluation  
 
The state-of-the-art of high quality DLC thin films is characterized by high 
Young's modulus E ≥ 800 GPa and hardness of HV ≥ 40 GPa [121]. For DLC thin 
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films deposited by PLD, as the load during nanoindentation is continuously 
increased, the maximum indenter depth on the films deposited correlates to 
10% of the film thickness. The Young's modulus and hardness show a value of 
E = 300 GPa and HV = 20 GPa for the 1.3207 tool steel, and E = 310 GPa and 
30 GPa for the 1.3202 tool steel, respectively. For a PMMA substrate it is not 
possible to perform such mechanical measurements because an influence of 
the PMMA surface is indicated (EPMMA = 5.2 GPa, HV = 300 MPa) [121].  
 
 
    
(a)                 (b) 
 
Fig. 6-7: (a) Scheme of the scratch test to determine the adheres from the coatings on 
diverse substrates. (b) Optical micrograph of the scratch applied to DLC coated 1.3202 
steel (PLD laser fluence 3,5 J/cm2, repetition rate 10 Hz, number of pulses 6000, air 
processing gas pressure 10-5 mbar, target-substrate-distance 4-5 cm).  
 
Commercial scratch testers basically are of two types. In the automatic scratch 
test, the normal load is continuously increased along the length of the scratch 
track by a spring loading mechanism [60]. This test is very quick and simple to 
perform, but has the disadvantage that catastrophic failure occurs at the first 
sufficiently large flaw, and thus, the critical load may be an underestimate of the 
practical adhesion in any application. Also, the critical load has been found to be 
a sensitive function of the machine loading geometry making comparison of 
results for various types of equipment. The alternative manual scratch tester (fig. 
6-7a) uses dead weight loading, and hence, requires the performance of many 
investigations to assess the critical load, which is much more time consuming 
[60]
. However, it has the advantage that the interfacial flaw distribution can also 
be assessed by counting the number of failures that occur at each load. The 
number of failures is found to saturate at a certain load (usually just before it 
becomes possible to distinguish individual failures in the track), as observed by 
both reflecting light microscopy, or acoustic emission detection with each failure 
generating a change of light reflexion and a small burst of acoustic emission, 
respectively [60]. 
 
The diverse scratches produced for the friction of the diamond stylus and the 
coatings, as a function of normal load in the range 15 – 65 N, show a high level 
of delamination (adhesive failure) of the DLC coatings (fig. 6-7b) where the 
buckling (delamination style from DLC films) is again noticed. Although the 
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nucleation and growth of DLC coatings on pasivated tool steels has been 
successful the DLC films show a spontaneous delamination from the substrates 
after scratching (section 5.3), that it is not possible to determine the adhesion 
strength characterized by the critical load Lc at which the coating failure occurs. 
One of the main problems with DLC deposition at low temperature, is the 
creation of very high intrinsic stress levels up to 10 - 12 GPa [35,133] in the films. 
This, combined with the chemical bonding mismatch when DLC coating is 
applied to a wide range of substrates, commonly leads to poor adhesion. 
Therefore, in high mechanical stress applications, the adhesion of the films is 
not sufficient in most cases. 
 
6.4.5 Adherence improvement by buffer layers 
 
Following the results (section 6.4.4), the research is focused in the improvement 
of the DLC coatings adherence on both the tool steels substrates with the 
results adapted to tungsten carbide (WC-10%Co) substrates. 
 
A r.f. nitrogen plasma was used for nitridation of the substrate surfaces and to 
deposit a series of different layers prior to deposition of the DLC coatings. A 
CNx[70] coating produced by a hybrid r.f.-PLD technique in nitrogen atmosphere, 
and an amorphous SiNx coating deposited by PLD in nitrogen processing gas 
are used as thin films in a multilayer system (section 5.4). This ensures that 
there are no abrupt changes in composition, that the stress is introduced into the 
single films gradually. The most functional buffer-layer structure deposition 
follows: nitridation of substrate surface, deposition of amorphous silicon nitride 
(SiNx), and deposition of the DLC coating (section 5.4). 
 
Smooth and adherent DLC coatings on tool steels are obtained by using a SiNx 
coating buffer layer deposited by PLD (fig. 6-8) with a few nm in thickness. The 
functional silicon nitride buffer layer deposited by PLD enables to deposit a 2 µm 
thick DLC coating on the tool steel substrates.  
 
Different studies on the influence of silicon and metallic interlayers to improve 
the adhesion of a-C and a-C:H coatings concluded that a 2 to 4 nm thick film of 
silicon forming phases like SiC is very effective to increase the adhesion of the 
carbon coatings on non-diamond substrates[35,60]. Different types of 
interconnections between the DLC coating and the SiNx buffer layer are 
observed (fig. 6-8a) possibly resulting in the improvement of the DLC coating 
adhesion. XPS analysis of the interface is not conclusive but the material 
bonding may result from bonding between the compounds involved or from 
other compounds of other materials or/and other amorphous phases such as 
SiC, SiCxNy and/or CNx according with the results reported by D. Y. Lee et. al [133]
. 
 
A homogeneous, smooth and adherent DLC coating 2 µm in thickness on tool 
steels using the SiNx buffer layer has been grown (fig. 6-8b). To be used as 
tribological coatings, DLC films must be well adherent to the substrate material, 
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with the adhesive forces larger than the internal stresses in order to surpass the 
film delamination[30,35,160].  
 
 
 
 
(a)                   (b) 
 
Fig. 6-8: SEM interface of DLC/SiNx buffer layer (DLC coating PLD laser fluence 3,5 
J/cm2; repetition rate 10 Hz, number of pulses 45000 pulses, air processing gas pressure 
of 10-5 mbar, target-substrate-distance 3-5 cm). (a) Section of the adherent material 
between the DLC/SiNx system (SiNx layer PLD laser fluence 3 J/cm2, repetition rate of 20 
Hz, number of pulses 3000, N2 processing gas pressure of 2.8x10-2 mbar, target-
substrate-distance 3-4 cm). (b) Homogeneous and adherent DLC coatings (∼ 2µm) on 
1.3202 tool steel coated with SiNx buffer layer.  
 
 
The DLC mechanical properties are measured and associated to the PLD 
deposition parameters. The results will demonstrate that the use of the substrate 
nitridation process for first time and subsequent deposition of amorphous Silicon 
Nitride (SiNx) by PLD as buffer layer is a promising technique to improve the 
DLC adherence onto diverse substrates (section 5.4). 
 
 
6.5 Mechanical properties and deposition parameters 
 
6.5.1 Processing gas pressure  
 
The processing gas pressure determines the mean kinetic energy of the 
particles that are ablated during PLD, which results in an increase of the number 
of sp3-bond in DLC coatings, especially when the pressure slows down to p=10-4 
mbar with a subsequent expansion of the plasma [70].  
 
In general, the amount of sp3-content in the DLC coatings (at different laser 
fluences) shows a tendency to increase as the processing gas pressure 
decreases. For instance, the DLC coatings deposited at 3.5 J/cm2 show clearly 
the reduction of the D-band until its disappearing at an air processing gas 
pressure of 1x10-5 mbar (fig. 6-9a). The decrease of the D-band in the Raman 
spectra indicates the increase of the sp3-content fraction in the films (fig. 6-9b). 
  
 
Diamond-like carbon (DLC) coatings
  
53 
  
 
(a) 
 
10-5 10-4 10-3 10-2
30
40
50
60
70
Co
n
te
n
t s
p3
 
[%
]
Processing gas pressure p [mbar]
 2.7 J/cm2
 3.3 J/cm2
 3.5 J/cm2
sp
3  
co
n
te
n
t  
N
 
[%
]
Processing as pressure p [mbar]
 
                   
(b) 
 
Fig. 6-9: (a) Raman spectra of DLC films grown at different air processing gas pressures, 
(PLD laser fluence 3,5 J/cm2, repetition rate of 10 Hz, target-substrate-distance 4-5 cm) 
and the fitted spectra with a Breit-Wigner-Fano (BWF) lineshape (section 4.2). (b) 
Variation of the sp3-content in the DLC film as a function of the air processing gas 
pressure for different laser fluences. 
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Generally, the G-band broadens and the D-band appears with increasing 
processing gas pressure. The corresponding coupling coefficient Q, also 
increases at higher pressures which is attributed to the drastic reduction of the 
kinetic energy of the carbon particles impinging on the substrate surface with 
increasing pressure resulting in less pronounced surface diffusion processes on 
the unheated substrates (appendix 3) [70]. 
 
6.5.2 Hardness and Young's modulus 
 
Micro-hardness measurements allow the indenter to be shallow and of small 
volume so as to measure the hardness of materials, thin materials, or coatings. 
Since DLC coatings are much smoother than polycristalline diamond films, it is 
comparatively easy to obtain reproducible results of the hardness and Young's 
modulus by nanoindentation.  
 
 
 
 
         (a)                             (b) 
 
 
Fig. 6-10: (a) Surface of 2 µm thick DLC coatings for the 3 x 3 µm2 AFM scan (PLD laser 
fluence 3,3 J/cm2, repetition rate of 10 Hz, number of pulses 45.000, air processing gas 
pressure 3x10-5 mbar, target-substrate-distance 4-5 cm). (b) Nano-indentation marks for 
the measurement of the hardness and the Young's modulus on the DLC coating deposited 
on tool steels showing also a pinhole on the left side. 
 
 
The smooth DLC (2 µm thick) coating on tool steels, characterized by AFM (fig. 
6-10a), indicates that the rms and the Ra of the surfaces are in the Angstrom 
range with the measurements average about 225 Å and 83,2 Å, respectively, 
corresponding to analyzed surface area of 100,5 µm2. Ten marks (fig. 6-10b) 
show the geometric and distribution of the indentation on the coating surface 
used in order to derive the hardness and the Young's modulus as a function of 
the deposition parameters (section 4.5). 
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Fig. 6-11: (a) Hardness Hv and (b) Young's modulus E of the DLC coatings as a function 
of the air processing gas pressure at different laser fluences (PLD repetition rate of 10 Hz, 
number of pulses 45000, target-substrate-distance 4-5 cm).  
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The dependence of the hardness on the processing gas pressure at different 
laser fluence (fig. 6-11a) shows a general trend to decrease with increasing air 
processing gas pressure for all the laser fluences under investigation, which is 
attributed to the decrease of the sp3-content in the DLC films (section 6.5.1). 
The increase of the processing gas pressure (fig. 6-11b) generally results in a 
reduction of the Young's modulus which is attributed to the increase in the 
number of sp2-bonds as the laser fluence decreases and the processing gas 
pressure increases, respectively.  
 
For high laser fluences a significant part of the laser pulse energy is absorbed in 
the laser-induced plasma, leading to further excitation of the plasma species [70], 
which results in an increase of excited species at fluences > 2.7 J/cm2 with 
direct relation to the increase of the sp3-content and the improvement in the 
mechanical properties of the DLC films (appendix 4). 
 
6.5.3 Laser fluence 
 
The Raman spectra and the fitting curves from DLC films growth at different 
laser fluences and at fixed processing gas pressure of 1x10-5 mbar (fig. 6-12a) 
show two normal modes for DLC coatings, the first around 1350 cm-1 
representing the D-band, and the second a round 1530 cm-1 for the G-band 
(section 6.3.1). With increasing laser fluence a reduction in the D-band is 
observed, indicating a decrease of the coupling coefficient Q (becomes more 
negative) and an increase of the sp3-content in agreement with the increase in 
the sp3-content with increasing laser fluence. 
 
For instance, DLC coatings deposited at 1x10-5 mbar air processing gas 
pressure and 3.5 J/cm2 with a high sp3-content revels a more pronounced G-
band peak (fig. 6-12a) than DLC coatings deposited at laser fluence < 3.5 J/cm2. 
The sp3-content in DLC coatings is calculated directly from the measurements of 
the coupling coefficient Q showing a decrease from -2,6 at 2.7 J/cm2 to -3,9 at 
3.5 J/cm2. The analysis also is made for other air processing gas pressures 
such as 5x10-3 mbar, 1x10-4 mbar, and 3x10-5 mbar (appendix 5), which show 
the disappearance of the D-band with decreasing air processing gas pressure, 
pronouncing with increasing laser fluence. 
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 (a) 
 
 
 
 
(b) 
 
Fig. 6-12: Raman spectra from DLC coating deposited at three different fluences at the 
same air processing gas pressure of 1x10-5 mbar, repetition rate of 10 Hz, number of 
pulses 45000, target-substrate-distance 4-5 cm. (a) Change of the Raman spectra and 
their fitting curves. (b) Indentation Hysteresis - Load - displacement curve as a function of 
the sp3-content in relationship with the different laser fluences.  
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At small fluences (< 2.7 J/cm²) the D- and G- bands are asymmetrically 
broadened, indicating a large fraction of sp2-bonded carbon. These films appear 
of brown color, showing a high tendency to delamination and smaller 
mechanical properties for instance, Hv ≈ 13,5 GPa and E ≈ 168 GPa. For larger 
fluences (> 2.7 J/cm2), the Raman bands become more symmetric, and the 
coupling coefficient Q and the G-band position decrease indicating an increased 
sp3-content (up to 69%).  
 
The mechanical properties of DLC coatings depend on the growth condition, the 
sp3/sp2 bonded carbon ratio, and the adhesion of the coating to the substrate, 
which altogether are influenced by the kinetic energy of the carbon species prior 
to deposition, the substrate temperature, and the deposition rate. At an air 
processing gas pressure of the p < 10-4 mbar, and a laser fluence of 2.7 J/cm2, 
the low amount of sp3-bonded carbon may be correlated to the non-sufficient 
mean kinetic energy of the carbon atoms to create a sufficient portion of sp3 
bonds (>80%) [70].  
 
As the D-band disappears the increasing number of sp3-bond results in an 
improvement of the mechanical properties of the DLC films. The different 
amount of sp3-content in the DLC coatings originating at various laser fluence 
(3.5 J/cm2, 3.3 J/cm2 and 2.7 J/cm2) at the same air processing gas pressure of 
1x10-5 mbar (fig. 6-12b) is directly related to the reduction of the area under the 
hysteresis curves, that indicates also a mechanical properties improvement of 
the DLC coatings with increasing laser fluence. 
 
The hysteresis curves obtained from the load-displacement plots of the 
indentations made on three different DLC coatings deposited at different laser 
fluences (fig. 6-12b) show the resistance to deformation to be far more higher 
for coatings with a large amount of sp3-bonds yielding a higher hardness (fig. 6-
11). This dependence of the mechanical properties of the DLC coatings on the 
laser fluence is attributed to the greater transfer of energy to obtain high 
energetic species to form sp3-bonded carbon during PLD at higher laser 
fluences. 
 
The shift of the hysteresis curves to smaller displacements (fig. 6-13a) with 
smaller areas under the curve (representing the irreversible work done on the 
material during indentation) as decreasing the air processing gas pressure, 
reveals an increase of the resistance to deformation which is directly associated 
to the increase of the sp3-bond in the DLC films. 
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Fig. 6-13:  2µm thickness DLC/SiNx coatings (PLD laser fluence 3.5 J/cm2, repetition rate 
of 10 Hz, number of pulses 45000, target-substrate-distance 4-5 cm). (a) Load-
displacement curve as a function of the different sp3-content in relation to the air 
processing gas pressures. (b) Relationship between the mechanical properties of the DLC 
films with the sp3-content. 
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The increase of the resistance to deformation of the DLC coatings deposited at 
the same laser fluence (3,5 J/cm2) with increasing sp3-content is supported by 
the magnitude of the hardness and the Young's modulus (fig. 6-13b). The 
variation in the sp3-bonded carbon and the relation to the laser fluence such as 
2,7 and 3,3 J/cm2 are shown in appendix 5. The hysteresis curves from the 
load-displacement plots of the indentations associated to the sp3-bonds in DLC 
coatings and to the mechanical properties may support and clarify the changes 
in the chemical bonding structures from the DLC coatings with the variation of 
the deposition parameters during PLD.  
 
6.5.4 Scratch adhesion test  
 
The great difference in mechanical properties of the hard coating and relatively 
by soft metal substrate is the main reason that the hard PVD coatings on 
surfaces of machine parts manufactured from structural steels have not been 
used yet in a large scale. The hard thin coating transforms the main part of 
surface load to the substrate. Intensive plastic deformation of the surface layers 
on the substrate is caused in heavy-loaded systems. Because of the low reserve 
plasticity of the coatings, this cannot deform simultaneously with the steel 
substrates. Thus, the coating cracks owing to its brittleness [30,60,132].  
 
The results in testing of DLC/SiNx coatings (fig. 6-14a) with an average 
hardness of 25 GPa and Young's modulus of 220 GPa show a catastrophic 
failure at 20N.  
 
A reference to compare the results of the scratch test of DLC/SiNx coatings (fig. 
6-14b) has also reported a typical failure mode for a monolayer DLC coating on 
tool steel without and with buffer layer of tungsten [132]. The DLC coating is 
tested using an automatic scratch tester. The reference shows a catastrophic 
failure of the monolayer DLC coating with tungsten buffer layer at a critical load 
about 18N.  
 
Comparing all these investigation and results two points should be highlighted: 
(1) The DLC coatings exhibit higher critical loads Lc than the previously reported 
ones without buffer layer, indicating that the duplex process of nitridation and 
deposition of SiNx buffer layer can effectively improve the adhesion strength of 
the DLC coating on the tool steels substrates with higher plastic deformation. (2) 
The substrate hardness influences the mechanical properties of the DLC 
coating.  
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(b) 
 
Fig. 6-14:  2µm thick DLC coating on tool steels (PLD laser fluence 3.5 J/cm2, repetition 
rate 10 Hz, air processing gas pressure 1x10-5 mbar, number of pulses 45000, target-
substrate-distance 4-5 cm) (a) Surface image of the scratch tracks. (b) Scratch test from 
reference 132 of DLC monolayer (1) and DLC with tungsten interlayer (2) . 
 
 
Finally, it is necessary to remember the high intrinsic stresses in the range 10-
12 GPa that are reported for DLC coatings from different authors [30,31,33,132] that 
reduce the adhesion to the substrates. 
 
 
6.6 Deposition on tungsten carbide substrate 
 
In principle, a low Co content (<5%) in tungsten carbide is highly desired for the 
deposition of diamond or/and diamond-like carbon (DLC) coatings because the 
higher Co content can influence the nucleation and the adhesion of these 
coatings to the carbide inclusions. Specifically, during deposition, the Co can 
Fractures morphology of DLC films 
 
(1) DLC on tool steel 
(2) DLC on tool steel with tungsten (W) interlayer 
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play a catalytic role in the formation of graphite like carbon phases and 
complexes of Co carbides that are highly undesirable. Several methods are 
used by industry to remove surface Co from cemented carbide tool inclusions. 
Most of the methods involve selective etching of Co by chemical means 
[31,32,34,35,60]
.  
 
 
 
 
 
 
 
(c) 
 
Fig. 6-15: (a) Calotte in 680nm DLC coating (PLD laser fluence 3,3 J/cm2, repetition rate 
10 Hz, number of pulses 6000, air processing gas pressure 1x10-5 mbar, target-substrate-
distance 4-5 cm). (b) AFM image of 2µm DLC/SiNx coating system on WC-10%Co 
substrate for an analyzed area of 72,25 µm2 scan (PLD laser fluence 3.5 J/cm2, repetition 
rate 10 Hz, number of pulses 45000, air processing gas pressure 1x10-5 mbar, target-
substrate-distance 4-5 cm). (c) Scratch tracks of 2 µm DLC/SiNx coating system on WC-
10%Co substrate (same deposition parameters as for (b)). 
 
100µm 
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Different characterization techniques were use to evaluate the DLC/SiNx coating 
system on WC-10%Co. For instance, the calotte-grinding test was employed for 
measuring the thickness of the coatings (fig. 6-15a). AFM for the smooth 
DLC/SiNx coatings on tool steels with a thickness of 2 µm (fig. 6-15b) shows a 
rms and a Ra of 235 Å and 168 Å, respectively, corresponding to a 100,5µm2 
area analyzed. The roughness is dominated by the lower quality of polished 
surface WC substrate before the deposition, where the DLC coatings take an 
exact replication of the surfaces. 
 
Finally, the scratch tests on 2 µm thick DLC/SiNx coating are analyzed by SEM 
to investigate the scratches (fig. 6-15c). The coatings show catastrophic failures 
for loads > 40N. The critical load must be > 30 N, in the range 30N < Lc < 40N. 
The DLC coatings with Lc > 30 N is classified as a “good coating” [124] following 
the evaluation employed for hard ceramic coatings deposited by PVD. 
 
The sequence pre-treatment of chemical-passivation of metallic surfaces 
containing cobalt in the matrix as the r.f. argon plasma cleaning to remove the 
Co-passivated layer, and the nitridation to activate the surfaces for the 
improvement in the SiNx buffer layer adhesion represents for the deposition of 
DLC coatings an advancing step in the nucleation of DLC and/or CNx coatings 
on WC-10%Co substrates with high cobalt percentage in the WC matrix. 
 
The mechanical properties of 2 µm thick DLC/SiNx coatings on tungsten carbide 
(WC-10%Co) are improved with an increase in hardness up to 27 GPa and in 
Young's modulus up to 340 GPa. The results support the assumptions (section 
6.5.4) that the substrate hardness and its plastic deformation play an important 
role in the adherence and mechanical properties of DLC coatings (section 4.3), 
considering additionally the films residual compressive stresses up to 10-12 
GPa which result in the limited coating thickness, beyond that the films are 
spontaneously delaminated from the substrates [30,131,160]. 
 
6.7 Engineering applications 
 
The physical and mechanical properties of DLC films make them suitable for a 
variety of applications, many of them exploiting their attractive tribological 
characteristics. A summary of possible industrial applications for the DLC 
coatings can be divided into two major categories [70]: 
 
1) Single-layer DLC films are used when contact pressures are relatively 
low, shear stresses are low and/or heat generation is minor. The single 
DLC coatings are used as knives in the textile industry, in the extrusion of 
polymers, in the packaging industry, and for improvement of the scratching 
resistance of metal objects.  
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2) DLC coatings with interfacial bonding layers and alloyed or layered 
coating structures are typically used for high shear stress applications, for 
instance, as gears for aircraft landing flap controls, ball bearing races or 
cages, journal bearings, compressor screws, automotive engines parts, 
Also for biomedical applications as orthopedic pins and screws and for 
bearing surface of artificial joints, as anti-reflection coatings on optics, 
windows and solar cells. 
 
These possible applications compared to other hard coatings (fig. 6-16) [124] are 
related to the hardness and Young's modulus as important mechanical 
properties of the DLC coating deposition by PLD.  
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Fig. 6-16: (a) Hardness and (b) Young's modulus of DLC coating (PLD laser fluence 3,5 
J/cm2, repetition rate of 10 Hz, number of pulses 45.000, air processing gas pressure 
3x10-5 mbar, target-substrate-distance 4-5 cm) compared to other PVD coatings [124]. 
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Chapter 7 Alumina-Zirconia (Al2O3-ZrO2) composite 
coatings  
 
7.1 Deposition  
 
PLD as a PVD technique gives a new way to incorporate ZrO2 in a coating 
during the simultaneous deposition with Al2O3 as alternative technique to 
produce such composite coatings in advance to magnetron sputtering, electron 
beam evaporation [42] and CVD technique [100], where the ZrO2 also appears as a 
finely dispersed phase in the alumina matrix [15,16,42,155].   
 
The chemical composition of the nickel alloy CMSX-2 substrate employed is 
given in table 7-1.  
 
 
Table 7-1: Chemical composition of the CMSX-2 substrate. 
 
The composition of 85% Al2O3 and 15% ZrO2 from the target design to deposit 
the composite ceramic coatings (fig. 7-1) is determinated from the known 
relation employed in the production of ZTA (zirconia-toughened alumina) 
composite ceramic in sintered powder forms.  
 
ZrO2 (doped with 8 mol% Y2O3)
Al2O3
    
 
Fig 7-1: Target employed for the deposition, relation of 85:15 (Al2O3-ZrO2). 
 
The parameters of deposition for Al2O3-ZrO2 (85:15) composite coatings by PLD 
are given in section 3.5.  
 
7.2 Amorphous Al2O3-ZrO2 (85:15) composite coatings  
 
The deposition of the Al2O3-ZrO2 (85:15) composite was carried out in a range of 
substrate temperature that included the room temperature, 600, 700 and 800°C 
at different deposition parameters as shown in table 3-1. The microstructure of 
the deposited coating analysed by XRD exhibits no evidence of ordering in the 
films for the temperatures under investigation. These results are in agreement 
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with the studies by S. El Hajjaji et. al [16] and S. B. Qadri et. al [100], that the 
production of ZrO2-Al2O3 composite coatings by PLD don’t show any peaks 
indicating that the composite coatings are in an amorphous state.  
 
SEM shows the adherent amorphous alumina-zirconia (Al2O3-ZrO2) composite 
coatings on the non-polished CMSX-2 turbine material [36,37,38,100] (fig. 7-2), 
deposited at 700°C substrate temperature.  
 
 
 
 
Fig 7-2: SEM of the alumina-zirconia (Al2O3-ZrO2) composite films deposited on non-
polished CMSX-2 surfaces (PLD laser fluence 3 J/cm2, repetition rate 25 Hz, number of 
pulses 20000, oxygen processing gas pressure of 2x10-2 mbar, target-substrate-distance 4 
cm, substrate temperature 700°C).  
 
The no crystallisation of the phases during the PLD of the composite at different 
substrate temperatures can be attributed to alumina and zirconia both the 
oxides tend to stabilise mutually their amorphous phases. The thermodynamical 
effects follow very important implications in applications, for instance, when 
Al2O3 amorphous structure has to be maintained at temperatures > 500°C, 
which normally is garantied by nitrogen and/or titanium added to the alumina 
[153]
. 
 
7.3 Droplet production 
 
The droplet production during PLD deposition results from three phenomena, 
namely subsurface boiling, recoil ejection, and exfoliation [151]. The first two are 
termed “splashing” phenomena, which represents the greatest obstacle to the 
use of PLD in commercial applications. The melted particles that are splashing 
from the target material originate in drastic generation of droplets on the 
homogeneous composite coating (fig. 7-3a). The geometry of the droplet 
particles is similar to elongate spheres, indicating that the particles from the 
target have been melted with subsequent resolidification before incorporating on 
the surface of the alumina-zirconia (Al2O3-ZrO2) composite (fig. 7-3a). 
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       (a) 
 
 
 
    (b) 
 
Fig. 7-3: SEM of alumina-zirconia (85:15) composite films on CMSX-2 surfaces (PLD 
laser fluence 3,5 J/cm2, repetition rate 25 Hz, number of pulses 20000, oxygen processing 
gas pressure of 7x10-3 mbar, target-substrate-distance 4 cm, substrate temperature 
700°C). (a) Composite coating surface with droplets. (b) Composite coating surface 
without droplets and corresponding EDS analysis.  
 
When the transient melt within the interaction zone is subjected to the recoil 
pressure by the expanding plume, droplets can be ejected as the melt is 
squeezed onto the solid bulk [153]. Subsurface boiling as an explosive phase 
transition will occur in materials in which the time needed to convert the optical 
energy into heat and transfer it into the bulk is shorter than the time needed to 
evaporate the surface layer, resulting in micro-sized droplets. The explosive 
phase transition can only be suppressed by using sufficiently small laser 
fluences, with a subsequent reduction in the ablation yield [151]. To control the 
droplet production, the target area has to be pre-treated with 2000 laser pulses 
shortly before preheating the target surface preventing the splashing of 
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particles, and finally, homogeneous composite coatings where obtained (fig. 7-
3b).  
 
EDS revels a clear relationship between the elements involved in the production 
of the composite, the aluminium from the alumina (Al2O3) is the abundant 
element compared to the zirconium from the zirconia (ZrO2) which represents 
only 15% of the composite. The nickel is detected as element within the 
substrate material. 
 
 
7.4 Annealing of Al2O3-ZrO2 (85:15) composite coatings  
 
In order to study the crystallisation of the Al2O3-ZrO2 (85:15) composite, a 
subsequent annealing at 1100°C at an Ar processing gas pressure of 1x10-4 
mbar in a time period of four hours is used. XRD exhibits the substrate elements 
identified as CMSX-2 (nickel alloy) and the phases detected after the annealing 
are the nickel oxide (as an oxidation product during the PLD deposition in O2 
processing gas pressure), the cubic yttrium stabilised zirconia (c-YSZ) and the 
α-alumina. 
 
 
7.4.1 Processing gas pressure  
 
The XRD spectra of the composite films after annealing (fig. 7-3), indicate that 
the crystalline phases of the alumina and c-YSZ appear more pronounced as 
the oxygen processing gas pressure decreases. This can be related to the 
distribution of particles in the plasma plume during the deposition at different 
oxygen processing gas pressures considering that the samples are positioned at 
the same target-substrate-distance.  
 
For instance, a plasma expansion in PLD corresponds directly with a decrease 
in the processing gas pressure. In vacuum, the plume distribution is determined 
by collisions of the plume particles among themselves. To a good 
approximation, most of these collisions occur while the geometry of the plume is 
small close to the target. In the presence of an ambient gas, the plume angular 
distribution is perturbed by additional plume particle collisions with the 
background gas particles. These collisions scatter the plume particles from their 
original trajectories and broaden the angular distribution [151] of the plume, 
reducing the expansion of the plume.  
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Fig. 7-3: XRD spectra of alumina-zirconia (85:15) composite films deposited on CMSX-2 
surfaces. After annealing at 1100°C for two different oxygen processing gas pressures of 
1x 10-1 and 7x10-3 mbar (PLD laser fluence 3,5 J/cm2, repetition rate 25 Hz, number of 
pulses 20000, target-substrate-distance 4 cm).  
 
On the other hand, is important to mention that the thickness of the composite 
coating becomes smaller as the processing gas pressure increases, because 
less material is deposited by the plume reduction as increasing the processing 
gas pressure. 
 
7.4.2 Laser fluence 
 
After annealing, the crystalline phases appear more pronounced as increasing 
the laser fluence (fig. 7-4). In general, the results indicate that at high laser 
fluences the plasma formation plays the major role in governing the transfer of 
material from the target to the substrate according with the previous results from 
A. Voss and et. al.[152] during the deposition of Al2O3 with pulsed CO2 TEA laser 
radiation.  
 
For large laser fluences a significant part of the optical energy is absorbed in the 
laser-induced plasma yielding to further excitation of the plasma species [70] with 
a large energy being supplied to the surface by energetic atoms or ions [154]. 
Moreover, the lower limit of deposition rate is determined by the vacuum 
conditions and the upper limit by the kinetics of atomic rearrangements [151,154]. 
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There must be sufficient energy for the atoms on the surface to be deposited to 
undergo surface diffusion to thermodynamically stable sites before to be 
covered by the next layer of atoms. The thermodynamic processes can be 
promoted by the appearance of more crystalline planes with a higher order in 
structural/crystallographic arrangements from the composite atoms. 
 
The high dominating peaks in the XRD spectra from the nickel substrate CMSX-
2 and its derived compounds (fig. 7-4) as nickel oxide NiO [104] are more intense 
when the laser fluence decreases with a reduction of the coatings thickness as 
decreasing the amount of particles from target removal into the plasma. The 
thickness of the PLD films varies due to different plasma plume densities 
resulting in different growth rates on the substrates surface. An increase of the 
laser fluence is directly correlated with the capacity to remove more material 
from the target [104] with an increase of the thickness as governed by large laser 
fluences at the same target-substrate-distance. For this reason, the XRD 
spectra detect the substrate phases and its derived materials with decreasing 
composite ceramic-ceramic thickness.  
 
 
 
Fig. 7-4: XRD spectra of alumina-zirconia (85:15) composite films deposited on CMSX-2 
surfaces after annealing 1100°C (PLD laser fluence of 2.5 and 3.5 J/cm2, oxygen 
processing gas pressure 7x10-3 mbar, repetition rate 25 Hz, number of pulses 20000, 
target-substrate-distance 4 cm). 
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For both the processing gas pressure and fluences (figures 7-3 and 7-4) the 
cubic polymorphs of ZrO2 are detected. The high-temperature ZrO2 cubic phase 
with the fluorite structure was detected for all the cases produced under the 
85:15 Al2O3-ZrO2 composites in agreement with results reported for ZrO2-Al2O3 
thin film deposited by magnetron sputtering with the ZrO2 component 
crystallised in the cubic phase initially for an atomic relation of [Zr]:[Al] less than 
76:24 [100]. The other phases identified by XRD are resulting from the substrate, 
the nickel oxide and the alfa-alumina as the most stable phase from the 
aluminium oxides group. 
 
 
          
    
(a)                        (b) 
 
Fig. 7-5: SEM of alumina-zirconia (Al2O3-ZrO2) composite films deposited on CMSX-2 
surfaces. (PLD laser fluence 3.5 J/cm2, repetition rate 25 Hz, number of pulses 20000, 
oxygen gas pressure 7x10-3 mbar, target-substrate-distance 4 cm). (a) Lateral section of 
the composite deposited on CMSX-2, before annealing. (b) Smooth and homogenous 
surface of the composite coating after annealing. 
 
 
The amorphous composite (fig. 7-5a) deposited on CMSX-2 indicates a higher 
adherence before the annealing than the composite with a crystalline structure 
after the annealing (fig. 7-5b) giving evidence for a very homogeneous mix of 
both the ceramic constituent compounds.  
 
The final microstructure obtained from the composite after the annealing (fig. 7-
5b) shows a smooth and homogenous surface of the composite coating. 
However, some microcracks in a group of samples are produced during the 
cooling after the annealing, possibly due to the large cooling rates. Thus, an 
improved control of the cooling rates is required decreasing the internal stresses 
[14,37,38]
 originating from the different expansion of both the ceramic crystalline 
phases.  
 
7.5 Engineering applications 
 
Thin films up to 50 µm of these composite ceramic coatings may be used in a 
variety of applications, for example, to protect load-bearing substrates from 
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severe friction and chemical environments. Thick films in the range of 200 µm 
may find application as thermal barrier coatings (TBC), typically ceramic 
composites based on zirconia, alumina, and titanium have the possible 
advantage of use in gas turbine engines for the less reactivity with sulphur, an 
impurity, for example, in the fuel and in the marine environment [15,16,36,38,42,155].  
 
The introduction of zirconia in an alumina matrix, leads to a composite material 
with increased toughness where the stress-induced phase transformation 
toughening and/or stress-induced microcrack toughening usually are the 
dominating toughening mechanisms in these composites [99]. 
 
The high hardness, the exceptional wear resistance, and the good chemical 
stability of this composites make them very desirable in cutting tool applications 
or more specific as a new development of wide range electrolytic insulator 
semiconductor (EIS)-capacitor pH sensor, used in corrosion-resistant Al2O3-
ZrO2 thin films as insulator layer [156]. Because Al2O3 exhibits a low sensitivity to 
alkali metal ions, this composite material can solve the typical problems with the 
EIS-capacitor pH sensor like the coatings Ta2O5 or ZrO2 as insulator known 
within reasonable pH sensors for acid - neutral pH range (1-5) but with a large 
errors in the alkaline pH range. On the other hand, Al2O3-ZrO2 composite 
coatings also may be employed as hard coatings [153,117], where the combination 
of high speed and machining operations without lubricants plays an important 
role in the actual and future machining technologies. These composite coatings 
also have shown their high potential in applications for optical AR- or HR- 
coatings and opto-electronic systems such as MEMS and MOEMS [14, 117]. 
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Chapter 8 Conclusions 
 
Plasma diagnosis is performed by OES, which allows the determination of ion 
species and the degree of ionization of the nitrogen r.f.- and PLD- plasma. The 
analytical techniques used to determine the chemical, structural, and 
morphological characteristics of the hard coatings such as DLC, SiNx and 
composite alumina-zirconia (Al2O3-ZrO2) deposited by Pulsed Laser Deposition 
(PLD) involve XPS, Raman spectroscopy, EDS, XRD, optical microscopy, SEM, 
and AFM. The hardness and the Young's modulus of the hard coatings are 
measured by nano-indentation. The adherence characteristics of the DLC thin 
films are analyzed by scratch adhesion test and calotte drilling test. The 
refractive index from the SiNx films is determined by ellipsometry. The main 
conclusions for the diverse coatings are as follows: 
 
Silicon Nitride (SiNx) coatings 
 
Smooth, homogeneous and adherent SiNx coatings have been deposited by 
PLD on silicon wafer, tool steels, and tungsten carbide (WC-10%Co) at a 
nitrogen as processing gas pressure of 2.8x10-2 mbar, laser fluence of 3 J/cm2, 
repetition rate of 20 Hz, and at different pulses number exhibiting columnar 
microstructures. 
 
• By OES spectra from the N2 r.f. plasma, the density of nitrogen atoms and 
ions are detected. The dissociate - recombination mechanism of the 
nitrogen species into the r.f. plasma may have important consequences for 
the species dissociation on impact being more reactive and growing the fine 
nitride layer on the substrate surfaces. 
 
• By OES spectra from the PLD plasma, using the Si3N4 target, silicon atoms 
and ions, in a mixing with the nitrogen atoms and ions are detected. The 
presence of energetic silicon and nitrogen species has important 
contributions for the species recombination to grow the SiNx thin films. 
 
• The OES spectra during the hybrid process (N2 r.f. plasma & PLD plasma 
from the Si3N4 target) have shown silicon atoms and ions, the nitrogen 
atoms and ions. Therefore, the hybrid process could not be used to grown 
the SiNx thin films considering the higher temperature and large amount of 
excited species that impact on the surfaces producing inhomogeneous 
coatings with damage on the substrate surfaces. 
 
• A poor adhesion of the SiNx films on glass substrates was noticed. Good 
adherence of the SiNx films on the metallic substrates after the nitridation by 
r.f. nitrogen plasma and the immediately SiNx deposition by PLD in nitrogen 
processing gas pressure is obtained. Also a good adhesion of SiNx coatings 
on silicon wafer. In this way, the refractive index from the SiNx coatings 
increases to 1.95 with decreasing nitrogen processing gas pressure.  
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Diamond-like carbon (DLC) coatings 
 
In order to attend an actual requirement for DLC coatings to reduce the intrinsic 
stress in the interface coating/substrate, a SiNx ceramic coating was used as 
buffer layer promoting the physical and chemical reactions between the different 
species in the interface between a nitridation layer produced by r.f. nitrogen 
plasma, the SiNx buffer layer grown by PLD, and at the interface between this 
SiNx buffer layer and the first carbon atoms from the DLC coatings. Finally, an 
adherence improvement of the DLC films on metallic and hard ceramics 
substrates is obtained.  
 
• A carefully polished sample preparation has to be performed to obtain a 
smooth and homogeneous DLC coating growth by PLD on tool steels 
assuring pinholes reduction on the metallic surface produced by the 
separation of carbide particles [MC-type as V8C7 and M6C-type as (Fe, Mo, 
W)6C] from the matrix during the sample preparation. 
 
• The cobalt in the matrix of the substrates does not allow the formation of 
the sp3-bonded carbon in DLC coatings. In this way, a selective chemical 
etching of the surface samples with a subsequent r.f. argon plasma 
cleaning is used. After this pre-treatment the nucleation and the growth of 
DLC coatings are possible on the substrate with high %Co concentration 
but with poor coatings adhesion. 
 
• The adherence of DLC films on tool steels and tungsten carbide (WC-
10%Co) substrates has been improved by using a SiNx buffer layer grown 
by PLD with the surface nitridation of the substrate by a nitrogen r.f. 
plasma. 
 
• The sp3-content in the DLC films deposited at room temperature are 
calculated from the fit of Raman spectra and calibrated by EELS. As 
general tendency the D-band (center at 1350 cm-1) decreases with 
increasing laser fluence, therefore, the sp3-content in the DLC films 
increases from 48% (at 2.7 J/cm2) to a maximum value of 69% (at 3.5 
J/cm2). The intensity of the D-band decreases with decreasing processing 
gas pressure, from a minimum value of 30% sp3-content (at 5x10-3 mbar) to 
maximum value of 69% sp3-content (at 1x10-5 mbar) for a laser fluence of 
3.5 J/cm2.  
 
• The hardness (maximum value of 25 GPa) and Young's modulus 
(maximum value of 215 GPa) for the DLC films on tool steels are increasing 
with the sp3-content (maximum value of 69%). For the case of WC-10%Co 
substrate the maximum value of hardness is 27 GPa and of Young's 
modulus 340 GPa (at equivalent amount of 69% sp3-content). The increase 
of hardness and Young's modulus with increasing laser fluence and 
decreasing processing gas pressure is indicating a direct improvement in 
the mechanical properties of the DLC films. 
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• The failures of the DLC coatings on tool steels shows are due to plastic 
deformation of the metallic substrates at a critical load Lc in the range 10N 
< Lc < 20N. The DLC coating on WC-10%Co substrates shows a critical 
load up to Lc ≈ 30N, the DLC coating is not severely damaged and the 
failure mode is quite different to the DLC on tool steels. Due to the critical 
loads in comparison with other PVD-coatings, the DLC/WC-10%Co system 
is considered as a “good coating system”. 
 
 
Alumina-Zirconia (Al2O3-ZrO2) composite coatings 
 
Smooth, homogeneous and adherent Alumina-Zirconia (Al2O3-ZrO2) composite 
coatings have been deposited by PLD on silicon wafers, stainless steels, and 
CMSX-2 substrates. By XRD an amorphous structure has been identified for all 
the composite films grown. The crystallization of the coatings has been achieved 
by an annealing in argon processing gas resulting in the identification of the α-
alumina phase and the cubic-zirconia phase.  
 
• The crystallization phases after the annealing have been related to the PLD 
deposition parameters. The crystallization becomes more pronounced with 
decreasing oxygen processing gas pressure due to the change in the 
coating thickness by the plasma plume expansion in order to cover the 
substrate completely at a given distance target-substrate. 
 
• With increasing laser fluence a more improved crystalline phases after the 
annealing is obtained, due to: 
 
1. Removal of a large number of particles due to the transfer of more 
energy to the target associated to the subsequent increase of the 
coating thickness  
 
2. Transfer of higher portion of optical energy into the laser-induced 
plasma leading to further excitation of the plasma species  
 
changing the kinetics of atomic rearrangements from the amorphous phase 
to undergo surface diffusion to thermodynamically stable sites with the 
formation of a crystallized phase during the deposition and after the 
annealing. 
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Summary 
 
A rather large number of nitride, carbide, and oxide thin films are used as hard 
and wear-resistant coatings, for optical, corrosive, and refractory applications 
that are of crucial importance. Additional requirements place even more 
stringent conditions on the deposition processes. The properties of coatings 
deposited by pulsed laser deposition are determined by the deposition 
parameters, the composition of the PLD plasma and its ionization states, the 
substrate conditions, etc.. In this way, the advantageous properties of PLD can 
be used with the general aim to increase the adhesion of the high quality PLD 
thin films to offer new applications where the hard, optical, and/or thermal 
coatings are required to contribute to surface engineering. 
 
A first objective has been to shine some light on the optical and mechanical 
properties of smooth, homogeneous, and adherent SiNx ceramic coatings which 
have been deposited on different substrates such as glass, silicon wafer, tool 
steels, and tungsten carbide (WC-10%Co) at various processing gas pressures 
and different laser fluences. The r.f. plasma and the PLD-plasma using Si3N4 
target have been analyzed during the deposition of SiNx coatings revealing as 
well as Si° atoms, Si+ ions, No atoms, and N+ ions with these species working 
actively in the dissociative recombination processes in the nitrogen r.f. and PLD 
plasmas to promote the physical and chemical adsorption on the substrate 
surfaces and on the nitridation layer to grow finally the SiNx thin films.  
 
Some optical properties measured from the SiNx coating as the refractive index 
show an increase as the nitrogen processing gas pressure decreases. A general 
increase in the refractive index is detected as the laser fluence is increasing. 
Considering Si and its compounds as nucleates for diamond and DLC coatings, 
SiNx was used as buffer layer to improve the adherence of DLC hard coatings 
on metallic and tungsten carbide substrates. 
 
The influence of the substrate materials on the nucleation and growth of DLC 
coatings and the adherence of this superhard coating to different substrates was 
investigated. The deposition of DLC coatings on substrates (tool steels and WC-
10%Co) with high Co-content (known as an anti-nucleate element for the sp3-
bond) has been achieved by using a polishing process with diamond disk and 
diamond solution, and the subsequent chemical etching to produce an 
amorphous layer of CoO/CoSO4 which is removed from the surface by argon r.f. 
plasma. The DLC coatings with an application-like mechanical properties are 
deposited (60% sp3-content), but a poor adherence is obtained and the coatings 
showing spontaneous delamination from the substrates.  
 
By using SiNx coatings as buffer layer the adherence of the hard DLC films is 
improved. The process consisted in the nitridation of the surface by r.f. nitrogen 
plasma and a subsequent deposition by PLD of a SiNx ceramic in nitrogen 
processing gas pressure directed towards different substrates such as metals, 
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ceramics, and polymers. Finally smooth, homogeneous, and adherent DLC 
coatings on tool steels and on WC-10%Co substrates are obtained.  
 
The chemical bonds of the DLC coatings characterized from Raman spectra and 
calibrated by EELS, indicate that the sp3-content in the DLC films increases with 
increasing laser fluence, and decreasing processing gas pressure. By 
increasing the number of sp3-bonds in the DLC coatings with the change in the 
deposition parameters by PLD, the hardness and Young's modulus increase 
with a direct improvement in the mechanical properties.  
 
The adhesion of DLC coatings with a large sp3-content deposited on WC-
10%Co has been improved. The failure mode is quite different to the DLC 
coatings on tool steels, which show an adhesive failure due to the plastic 
deformation of the metallic substrates. 
 
Based on the actual demands for stable and nondegradeable refractory coatings 
a more general goal is to understand the crystallization of Al2O3-ZrO2 composite 
coatings associated to the PLD deposition parameters and annealing. In the 
past the deposition of complex refractory materials and diverse composites was 
not possible until recently. Advances in the pulsed laser deposition technique 
have now made it possible to produce such special thin films, which enable a 
variety of diffusion and other kinetic studies to be carried out. The smooth, 
homogeneous and adherent alumina-zirconia composite coatings in a relation of 
85:15 (Al2O3-ZrO2) are deposited on silicon wafer, stainless steels, and CMSX-2 
substrates with a substrate temperatures up to 800°C playing no role in the 
crystallization of the composite Al2O3-ZrO2 coatings.  
 
A homogeneous deposition of amorphous composite materials can be 
transformed to more stoichiometric crystalline coatings by increasing the kinetic 
energy supply during the annealing. After annealing the composite coatings 
exhibit a higher level of crystallization of α-alumina and cubic-zirconia with 
decreasing oxygen processing gas pressure, and with increasing the laser 
fluence, associated to the subsequent change of the coating thickness at 
constant target-substrate-distance, due to the expansion of the plasma plume 
and the removal of more particles with the transfer of energy into the laser-
induced plasma. 
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Fig 1-1: Fitting of Raman spectra from DLC coatings deposited on tool steels. 
 
 
 
 
 
Fig 1-2: Calibration by electron energy loss spectroscopy (EELS), allowing a quantitative 
determination of the sp3-content for DLC films by Raman spectroscopy. 
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Appendix 2 
 
 
 
 
Fig. 2-1: Scheme of the scratch adhesion testing and deformation geometry assumed by 
Benjamin and Weaver [35]. 
 
 
(i) Ploughing
Fp = A1P
(ii) Internal stress
Fs = f (σinternal)
(iii) Adhesion (shear)
Fa = A2τ
σint F = µL
F = Fp +  Fs + Fa
 
 
 
Fig. 2-2: Scratch adhesion test represented as the sum of three contributions after Bull, 
Rickerby, Matthews, Leyland and Pace [35]. 
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Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-1: Raman spectra of DLC films grown by PLD at different processing gas pressures 
for two fluences with the fitted curves by a Breit-Wigner-Fano (BWF) lineshape (G-Band) 
with a linear background and an additional Lorentzian (D-band) using a least-square fit 
program.  
Appendix
  
 
97 
Appendix 4 
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Fig. 4-1: Hardness and Young's modulus of DLC films grown by PLD at different fluences 
and air processing gas pressures. 
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Appendix 5 
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Fig. 5-1: Indentation - Hysteresis Load-displacement curves as a function of the sp3-
content and air processing gas pressure for the laser fluences of 2,7 and 3,3 J/cm2 in 
relation to the mechanical properties of the DLC films. 
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Appendix 6 
 
 
 
Fig. 6-1: Cross-section (TEM micrograph) of a carbon nitride thin film on silicon 
substrate[133]. 
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